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JANUARY, 1941 


A CRITICAL STUDY OF THE NUTRITIONAL REQUIREMENTS OF 
PHYMATOTRICHUM OMNIVORUM' 


PAUL J. TALLEY AND LESTER M. BLANK 


(w ITH THREE FIGURES 


Introduction 


The causal organism of the root rot disease of cotton and numerous other 
plants, Phymatotrichum omnivorum (Shear) Duggar, has been the subject 
of numerous studies in the laboratory and in the field (10) since it was iso- 
lated by ATKINSON (1). Some of these laboratory studies have been con- 
ducted to test the relative susceptibility of different tissues to the fungus 
and to test the fungicidal and inhibitory actions of various compounds or 
decoctions. Many of the culture media employed have been wholly or partly 
of an unknown chemical nature, although some few synthetic media of 
known composition and capable of duplication have been employed (5, 7, 
8). There has been no generally accepted nutrient solution for the culture 
of this organism. This may be explained by the absence of any comprehen- 
sive and critical studies on a synthetic nutrient solution demonstrating that 
it contains the proper amounts of each of the required components in a 
combination which results in the most favorable balance for growth. If the 
composition and characteristics of the nutrient solution are not of a proven 
satisfactory nature it is obvious that any physiological studies conducted on 
it are incapable of the most complete evaluation and proper interpretation. 

As a basis for a series of studies on the utilization of various materials in 
the growth of P. omnivorum it seemed advisable to undertake a critical 
study to determine the effects of each required element on the rate and 
amount of growth, to ascertain the amount of each of these elements that 
should be present in the nutrient solution, and to determine the influence of 
one element or compound upon the utilization or effects of the other com- 


1 Published with the approval of the Director as Technical Contribution no. 543 of 
the Texas Agricultural Experiment Station. 
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ponents of the solution. The experiments reported herein have been 
designed to furnish information bearing on these points. 


Materials and methods 


The culture methods employed in this study are essentially those re- 
ported in detail in a previous paper (2). A culture of P. omnivorum, 
designated as isolate 28, was grown on potato-dextrose agar in petri dishes 
and a 5-mm. dise of mycelium and adhering agar was used as the inoculum 
for each flask. The dry weights of the inoculum pieces were between 3 and 
5 mg. in all cases. This isolate, which has been compared in previous studies 
with several other isolates, may be considered as a representative form of 
P. omnivorum. The composition of the nutrient solutions employed was 
varied to meet the particular purposes of each experiment. The solutions 
were not purified by the CaCO, treatment since this may remove a consid- 
erable amount of the phosphates and sulphates and result in solutions whose 
concentration of the major essential ions is unknown. Reagent grade chem- 
icals were employed and salts furnishing 2 p.p.m. of iron, manganese, and 
zine were added in each experiment. These compounds give an adequate 
supply of the essential minor elements for this organism (2). Each experi- 
mental solution was prepared so as to give five or more 50-ml. portions, each 
of which was used in a 250-ml. Erlenmeyer flask as a separate culture. After 
inoculation the cultures were incubated at 28° C. The individual fungal 
mats were harvested after time intervals which were determined by the 
nature of the solutions and purpose of the experiments. In most cases they 
were harvested when the fungal mass was near or at its maximum weight. 
This was known to be approximately 21 days after inoculation with this and 
other rapidly growing isolates when cultured on the more favorable types 
of media. The dry weights of the individual fungal mats were used to mea- 
sure the growth response of the organism to the various solutions. Deter- 
minations of the pH of the culture solutions were made before inoculation 
and at the time of harvest. 

In an earlier study of the nutritional requirements of P. omnivorum, 
EZEKIEL et al. (5) modified Brown’s complete medium (4) by using dex- 
trose as the only source of carbon and by supplying the nitrogen as am- 
monium nitrate. This solution was designated as their solution 70 and has 
been used as such or with slight modifications, as the basic nutrient solution 
for several studies on the root-rot organism. In a study of the réle of the 
minor or trace elements on the growth of P. omnivorum (2) this solution 
with very minor changes was employed as the source of carbon, nitrogen, 
and other major essential elements. It has proved to be one of the most 
favorable solutions for the artificial culture of this organism. 


In making a critical study of the elemental requirements of P. omniv- 
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orum it was desirable to place the various salts present in this solution on a 
molar basis, thus facilitating an orderly variation in the amount of each of 
the salts and their respective ions. This modification of solution 70 has been 
the basis for the experiments reported herein. The composition of the basic 
solution used in this study is as follows: 


K,HPO, (0.008 M) 1.3940 gm. per liter 
MgSO, - 7H,O (0.003 M) 0.7395 gm. per liter 
KCl (0.002 M) 0.1491 gm. per liter 
NH,NO, (0.0125 M) 1.0006 gm. per liter 
Glucose (approximately 4% ) 40.0000 gm. per liter 


Fe, Mn, Zn, each at 2 p.p.m. 


This solution differs from solution 70 by slight decreases in MgSO,: 7H,0O, 
KCl, and NH,NO,, a slight increase in K,HPO,, the omission of FeCl,, and 
the addition of traces of FeSO,:-7H.O, MnSO,:4H.O, and ZnSO,:7H.O. 


Experimentation and results 


Preliminary experiments demonstrated that the complete omission of 
any one component of this solution, with the exception of KCl, results in a 
marked decrease in total growth. With the omission of glucose, NH,NOs, 
MgS0O,, or K.HPO, little extension of the mycelium from the inoculum dise 
is obtained. These results demonstrate the essential nature of certain com- 
ponents but do not preve that each compound, and each ion, is present at 
the optimum concentration for the maximum rate of growth of P. omniv- 
orum. Since the concentration of the minor elements as employed here is 
at or very near the optimum for the growth of this fungus in an unpurified 
synthetic medium, any improvement in the composition and balance of the 
solution, if obtained, would likely be the result of alterations in the concen- 
tration of one or more of the major components. 


VARIATION OF K.HPO,, MeSO,, ano KCl 


A factorial experiment was designed to test the growth of this fungus 
when the concentrations of three of the salts were varied. K.HPO, and 
MeSO, were studied at three concentrations each while KCl was either 
present or absent. This was planned and conducted in such a manner that 
the data could be analyzed statistically by the method of analysis of vari- 
ance (3, 6,9,11). The essential principle of this type of experiment is that 
all the factors investigated, in this case K,HPO,, MgSO,, and KCl, are set 
up in all possible combinations of the concentrations being studied. Infor- 
mation was obtained simultaneously in this way on the response of the 
organism to each of the different salts and also on the effects of changes in 
the concentration of each salt on the responses to the others, thus demon- 


strating the interactions of the several concentrations of these variables. 








4 PLANT PHYSIOLOGY 


These interactions are in themselves highly important since they indicate 
the balance, or lack of balance, between the various salts entering into the 
nutrient solution. K,HPO, was employed at the basic concentration, 0.008 
M, or was decreased to 0.004 M, or increased to 0.012 M. MgSO, was em- 
ployed at the basic concentration, 0.003 M, or was decreased to 0.0015 M or 
increased to 0.006 M. KCl was employed at the basic concentration, 0.002 
M, or was omitted entirely. This resulted in 18 different nutrient solutions 
which were prepared with five replicates of each. The ninety cultures were 
harvested after 21 days. The weights of the individual mats and pH deter- 
minations of each of the five replicates of the 18 treatments are presented in 
table I. In table II are included the mean values for the reaction of the 
organism along with the analysis of variance of this experiment. 

In table I it is evident that all of these solutions have similar original pH 
values which are within the desired range for good growth of this organism. 
The usual increase in acidity as growth progresses is shown by the lower 
pH values at the time of harvest. This increase in acidity is not as marked 
in the solutions containing either of the highest two concentrations of 
K.HPO, as it is in those containing the lowest concentration. 

The organism shows considerable variation in its response to the eighteen 
different solutions. If one assumes that the low mean weights indicate that 
the solutions on which these mats were produced are inferior to those yield- 
ing high mean values, it is possible to evaluate the effect of each of the 
variants employed in the experiment. The mean values for the reaction of 
the organism to the various salts or combinations of salts and the analysis 
of variance (table II) facilitate the interpretation of the rdle of each of the 
variants in the experiment. The several variables and their effects will be 
discussed in the order in which they appear in the analysis of variance 
table. In this paper odds of 99:1 are used as the level of statistical signifi- 
cance while odds of 19:1 are considered only as indicative. 

K,HPO,.—\There is a significant difference in the response of the or- 
ganism to the three concentrations of this salt. The mean weight is much 
lower with the 0.012 M concentration than it is with either 0.004 or 0.008 M. 
There is no significant difference between the two lowest concentrations. 

MeSO,.—The mean weights obtained with the three concentrations of 
MgSO, are significantly different. There is a progressive increase in growth 
as the amount of the salt is increased. 

KCl.—The mean weights obtained with and without KCl are not signifi- 
cantly different, there being only a 6-mg. difference in the mean values. 
This does not prove that the chloride ion is non-essential since slight amounts 
probably were introduced as impurities in the various components of the 


solutions. It does show that the organism requires little if any chlorine and 
that no special addition of chloride is needed to supply it. Potassium can be 
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TABLE II 





MEAN VALUES AND ANALYSIS OF VARIANCE FOR THE GROWTH RESPONSES OF P. omnivorum 
ON COMBINATIONS OF K,HPO,, MgSO,, anp KCl 








K.HPO, | 





is cee o 
CONCENTRATION MEAN | 
0.004 540 
0.008 
0.012 484 


| 
535 | 
| 


K,HPO, x KCl 


CONCENTRATION MEAN | 
0.004 x 0.000 534 | 
0.002 546 
0.008 x 0.000 538 
0.002 532 
0.012 x 0.000 479 
0.002 490 


MgSO, x KCl 


CONCENTRATION MEAN 


0.0015 x 0.000 413 
0.002 434 
0.0030 x 0.000 544 
0.002 542 
0.0060 x 0.000 594 
0.002 592 


VARIANCE 


Total 

K,HPO, 

MgSO, 

KCl 

K.HPO, x MgSO, 

K.,HPO, x KCl 

MgSO, x KCl 

K,HPO, x MgSO, x KCl 
Error 


MEAN WEIGHTS IN MG. FOR 


MgSO, 


CONCENTRATION MEAN 
0.0015 23 
0.0030 543 
0.0060 593 

KCl 

CONCENTRATION MEAN 
0.000 517 
0.002 523 


K.HPO, x MgSO, 


CONCENTRATION MEAN 
0.004 x 0.0015 72 
0.0030 578 
0.0060 570 
0.008 «x 0.0015 443 
0.0030 568 
0.0060 593 
0.012 x 0.0015 355 
0.0030 483 
0.0060 616 


ANALYSIS OF VARIANCE 


| 
| 
| D.F. MEAN SQUARE 


89 10,054.0245 


2 28 ,257.3854 
2 228 328.5004 
] 826.8871 
4 21,040.5447 
2 759.0325 
2 1,329.0488 
4 4.561.5801 


bo 


3,808.6787 


K.HPO, x MgSO, x KCl 


CONCENTRATION 


MEAN 
453 
490 
567 
590 
582 
558 
424 
463 


REQUIRED ODDS 


0.004 x 0.0015 x 0.000 
0.002 
0.0030 x 0.000 
0.002 
0.0060 x 0.000 
0.002 
0.008 x 0.0015 x 0.000 
0.002 
0.0030 x 0.000 
0.002 
0.0060 x 0.000 
0.002 
0.012 x 0.0015 x 0.000 
0.002 
0.0030 x 0.000 
0.002 
0.0060 x 0.000 
0.002 
FP 

FOUND —_—_— 

99: 1 
| 
7.42 4.92 
59.95 
5.52 3.60 
1.20 


Required ‘‘F’’ and ‘‘t’’ values taken from SNEDECOR’s table (9). 
Difference required for significance between means for odds of 99: 1 for 
K.HPO, or MgSO, 
KCl 





42.19 mg. 
34.00 mg. 


19: 1 
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furnished in adequate quantities in other compounds and the small addi- 
tional amount of potassium furnished by KCl in this experiment had no 
consistent effect. 

INTERACTIONS OF THE VARIOUS SALTS.—Interaction of the variables in this 
experiment are important since they give a direct measurement and evalua- 
tion of the physiological relationships of the various salts used in these solu- 
tions. As an aid in visualizing these interactions the results are presented 
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MOLAR CONCENTRATION OF THE DESIGNATE a 

Fic. 1. The mean responses of P. omnivorum to different concentrations of K,HPO,, 
MgSO,, and KCl and curves representing the first and second order interactions of these 
salts on the growth of the fungus. 


graphically in figure 1. The three groups of vertical bars indicate the main 
effects of the several concentrations of each of the three salts. To the right 
of the vertical bars are graphs of the three first order interactions, K,HPO, x 
MegsS0O,, K.HPO, x KCl, and MgSO, KCl. At the extreme right are shown 
the mean values of the second order interaction, K,HPO, x MgSO, x KCl. 
INTERACTION OF K,HPO, x MeSO,—This interaction is significant. In 
the table of mean values for this interaction (table Il) the benefits of in- 
creased concentrations of MgSO, are shown to be more pronounced as the 
concentration of K,HPO, is increased. The proper physiological balance 
between these two salts is just as important as the direct effects of either one. 
If the proper balance does not exist, the advantages of low K,HPO, and of 
high MgSO, do not apply. This is shown very clearly in the graph (fig. 1) 
for the interaction of K,.HPO, = MgS0O,. The combinations of 0.004 and 
0.008 M K.HPO, with 0.003 M MgSO, are equally good. By increasing the 
concentration of the latter salt to 0.006 M the solutions with 0.004 M K.HPO, 
are impaired slightly while those with 0.008 M K.HPO, are improved. The 
importance of this balance is more noticeable with the highest concentration 
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of K,HPO, (0.012 M) where good growth is obtained only in combination 
with the highest concentration of MgSO, (0.006 M). 

The remaining interactions, K,HPO, x KCl, MgSO, x KCl, and K,.HPO, x 
MgSO, x KCl, are not significant as shown by the analysis of variance (table 
IT). 

Summarizing the main effects of the three salts as shown in this experi- 
ment, it is evident that the higher mean weights are obtained with the lower 
concentrations of K,HPO, and with the higher concentrations of MgSQ,, 
while the addition or omission of KCl is of no consequence. It is further 
evident that these main effects of the individual salts cannot be extended 
indefinitely, since a balance between K,HPO, and MgSO, is extremely 
important. 

VARIATION oF K.HPO,, MeSO,, anp NH,NO, 


A second experiment was devised on the factorial design in which 
NH,NO;, K.HPO,, and MgSO, were varied at three concentrations each 
while KCl was omitted entirely from the nutrient solutions. Preliminary 
studies have indicated that benefits could be obtained by increasing the con- 
centration of NH,NO;. In this second experiment NH,NO,; was used at 
0.0125, 0.025, and 0.0375 M concentrations. The results of the preceding 
experiment suggested that K.HPO, be studied at the 0.0048, 0.0064, and 
0.008 M concentrations and that MgSO, be supplied at the 0.0045, 0.006, and 
0.0075 M concentrations. Four replicates of each of the twenty-seven differ- 
ent solutions were harvested after twenty-one days, which was the period of 
incubation used in the preceding factorial experiment. The original pH 
values of the solutions fall between 6.64 and 6.90. Since replicates within a 
treatment are extremely uniform the individual weights are omitted. The 
mean values and the analysis of variance are presented in table III. The 
results are presented graphically in figure 2. The variants and their inter- 
actions will be discussed in the order in which they appear in table IIT. 

NH,NO,.—Significant differences exist between all three concentrations 
of NH,NO,. The mean weights increase as the concentration of this salt 
increases. The 0.025 and 0.0375 M concentrations yield mean weights which 
are approximately twenty-five per cent. greater than the mean weights for 
0.0125 M concentration. 

K.HPO,.—A significant difference is attained between the mean weights 
for the three concentrations of this salt. The best growth occurs with the 
highest concentration of K,HPO,. The variation in the responses to the 





three concentrations is not as great as that with the three concentrations of 
NH,NO,. 

MeSO,.—The differences between the mean weights for the several con- 
centrations of MgSO, are not great enough to be significant at odds of 99:1 
but are significant at odds of 19:1. The heaviest mats are produced by 
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NH,NO, 





CONCENTRATION MEAN 
0.0125 593 
0.0250 758 
0.0375 772 
K,HPO, 
CONCENTRATION MEAN 
0.0048 686 
0.0064 705 | 
0.0080 732 
MgSO, 
CONCENTRATION MEAN | 
0.0045 712 SC 
0.0060 713 
0.0075 698 


K.HPO, x MgSO, 





CONCENTRATION MEAN | 
0.0048 x 0.0045 699 
0.0060 693 
0.0075 666 
0.0064 x 0.0045 710 
0.0060 700 
0.0075 705 
0.0080 x 0.0045 727 
0.0060 745 
0.0075 72 


VARIANCE 


Total 


TABLE III 


MEAN VALUES FOR THE REACTION OF P. omnivorum TO COMBINATIONS OF 
NH,NO,, K,HPO,, anp MGSO, 


MEAN WEIGHTS IN MG. 


NH,NO, x K.HPO, 








NH,NO, x K.HPO, x MgSO, 


CONCENTRATION MEAN CONCENTRATION MEAN 
0.0125 x 0.0048 561 0.0125 x 0.0048 x 0.0045 564 
0.0060 602 0.0060 563 
0.0075 616 0.0075 555 
0.0250 x 0.0048 731 0.0064 x 0.0045 604 
0.0060 752 0.0060 604 
0.0075 790 0.0075 598 
0.0375 x 0.0048 766 0.0080 «x 0.0045 622 
0.0060 761 0.0060 612 
0.0075 789 0.0075 615 
0.0250 x 0.0048 x 0.0045 748 
0.0060 717 
0.0075 728 
0.0064 x 0.0045 756 
0.0060 749 
0.0075 752 
0.0080 x 0.0045 781 
0.0060 795 
NH,NO, x MgSO, 0.0075 794 
' Mas 0.0375 x 0.0048 x 0.0045 784 
CONCENTRATION MEAN 0.0060 798 
0.0125 x 0.0045 597 0.0075 716 
0.0060 593 0.0064 x 0.0045 771 
0.0075 589 0.0060 748 
0.0250 x 0.0045 762 0.0075 764 
0.0060 754 0.0080 x 0.0045 777 
0.0075 758 0.0060 827 
0.0375 x 0.0045 777 0.0075 764 
0.0060 791 
0.0075 750 


ANALYSIS OF VARIANCE 





NH,NO, 
K.HPO, 


ny 


NH,NO, x K.HPO, 


[gSO, 


NH,NO, x MgSO, 
K.HPO, x MgSO, 


NH,NO, x K.HPO, x MgSO, 


Error 


F 
D.F. MEAN SQUARE REQUIRED ODDS 
FouND - 
99: 1 19:1 
107 7,836.70 
2 356,130.27 565.24 4.88 3.11 
9 19,106.06 30.32 
2 2 285.10 3.63 
4 2,129.83 3.38 3.56 2.49 
4 1,905.97 3.03 
4 1,543.09 2.45 
7 1,266.77 2.01 2.74 2.06 
81 630.05 


Difference required for significance between means for odds 99: 1 for 
NH,NO,, K,HPO,, or MgSO, 


15.61 mg. 





: 
; 
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solutions containing MgSO, at 0.0045 and 0.006 M concentrations. Nothing 
is gained by increasing the concentration to 0.0075 M. 

INTERACTIONS.—In a further analysis, the multiple degrees of freedom 
for the main contributors and the several interactions shown in table II 
were broken down. No additional information was gained with the excep- 
tion that one of the eight comparisons for the second order interaction 
reaches significance at odds of 99:1. An inspection of figure 2 suggests 
that this might have been anticipated. There it will be noted that the dif- 
ferent concentrations of MgSO, are quite without effect at all concentrations 
of K,LHPO, when NH,NO, is at 0.0125, but when the latter is at 0.0375 the 
intermediate concentration of MgSO, is superior and the high concentration 
is decidedly harmful at both the low and high rates for K,HPO,. While one 
of the comparisons in the second order interaction reaches significance at 
odds of 99:1, none of the first order interactions does, although certain of 
them reach the 19:1 requirement. These relationships are shown quite 
clearly in figure 2, and no further elaboration is deemed necessary. 
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Fic. 2. The mean responses of P. omnivorum to different concentrations of NH,NO,, 
K,HPO,, and MgSO, and curves representing the first and second order interactions of 
these salts on the growth of the fungus. 


With the exception of the additional information resulting from the use 
of the three concentrations of NH,NO, and the interactions of this salt with 
K,.HPO, and MgSO, these results are essentially what one would expect on 
the basis of the first factorial experiment. The three concentrations of 
K.HPO, cover a relatively narrow range and fall between the lowest two con- 
centrations used in the earlier experiment, while the three concentrations of 
MgSO, vary around the highest concentration used in the preceding experi- 
ment. Under these conditions MgSO, loses significance since all three concen- 


trations are equal to, or greater than, the amount required for the best 
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growth. The three concentrations of K,HPO,, however, become significant 
since all are below the optimum amount required to maintain the balance 
indicated in the first factorial experiment. On this basis it is logical to expect 
that each of these slight increases in the concentration of K,HPO, would 
produce significantly more growth since all solutions contain MgSO, at 
relatively high concentrations. 

The effects of the three concentrations of NH,NO, used in this experiment 
are outstanding (fig. 2). A very large increase in growth results when the 
nitrogen content is doubled. When nitrogen is increased beyond this point 
the relative gain in growth diminishes. The highest concentration of 
NH,NO, tends to modify the influence of the other salts present in the solu- 
tions. The significant interaction, at odds of 19:1, of NH,NO, x K.HPO, is 
a result of the relatively minor differences in the response to the different 
levels of K,HPO, when NH,NO, is at the 0.0375 M concentration. In a like 
manner this highest concentration of NH,NO, has a reaction with the three 
concentrations of MgSO, different from the lowest two concentrations of 
NH,NO;. Sinee the additional gain in growth is slight with the last inerease 
in NH,NO, and the reactions to K,HPO, and MgSO, are of a variable nature 
with this highest concentration, it is doubtful that the concentration of 
NH,NO, should be increased above 0.025 M. 


IMPORTANCE OF BALANCED SOLUTION 


The direct effects of K,.HPO, and MgSO, and the desirable balance be- 
tween them suggested the advisability of testing the changes in the amount 
of growth that might be produced if these two salts were varied in a manner 
which would maintain the same balance in all solutions but would vary the 
amounts of each of the salts simultaneously. Such an experiment was de- 
signed on the factorial basis. In this experiment the balance of the various 
components was the same throughout, the ratio for the salts being the same 
as in a solution containing 0.008 M K.HPO,, 0.006 M MeS0O,, and 0.002 M 
KCl. The solutions were varied by reducing the concentration of these re- 
spective salts one half in one series of solutions, and by increasing the con- 
centration twice in another and four times in still another. This gave four 
treatments having the same balance but the ratio of the concentration of these 
salts was 0.5:1:2:4. Each of these four solutions was tested with 0.0125 
and 0.025 M NH,NO,, while glucose and the trace elements were constant in 
all solutions. Harvests were made at 18 and 24 days. 

There is no significance to the slightly different mean values for the four 
different concentrations of the salts. As in the preceding experiment a sig- 
nificant difference exists between the two concentrations of NH,NO,. The 
interaction of NH,NO, with the four concentrations of salts lacks signifi- 


eance. 
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This factorial experiment proves that the concentrations of any one salt 
can be varied over a wide range if the salts supplying the other major essen- 
tial elements are varied in a like manner, thus emphasizing the importance 
of the balance between K,HPO,and MgSQ,. It also indicates that the pro- 
portion of the various salts are near the optimum balance for the best 
growth under the conditions employed in these studies. 


VARIATION OF SINGLE IONS 


The experiments in which the several salts are varied individually and 
in combinations show that little, if any, further improvement in the nutri- 
tional properties of the basic solution can be obtained by this method. Two 
or more ions are varied simultaneously, however, in every modification ob- 
tained by varying the concentration of any of the individual salts. It 
seemed possible that the fungus might give a better growth response to a 
change in the concentration of one ion of a salt which would be offset by a 
less favorable response to a corresponding change in the other ion or ions 
contributed by this same salt. 

An experiment was designed in which each separate solution differs from 
the control by a variation in the concentration of only one major essential 
ion. The constant factors throughout are 0.025 M NH,NOs,, 4 per cent. 
glucose, and 2 p.p.m. of iron, manganese, and zine. The composition of the 
control, which is given in table IV as solution 11, is 0.008 M K.HPO,, 0.006 
M MgS0O,, and 0.001 M KCl. Solutions 1 to 10 differ from the control by 
having the molar concentration of one major ion increased, or decreased, 
by one-half the amount in the control. The nature of this experiment neces- 
sitates the use of several different compounds as sources of the essential ions. 
In each solution only one ion is varied with the single exception of the solu- 
tion with low phosphate (solution 3) in which the chloride ion is increased 
slightly. An additional solution was used to show the possible effect of this 
second change. No significant effect results from this increase in the con- 
centration of chlorine. The basic solution which served as a starting point 
for these studies is included (solution 12) for comparison with the control 
(solution 11). Sufficient replicates of each of the solutions were prepared 
to permit the harvest of four cultures of each at 18 and at 24 days. The 
derivation and composition of the various solutions, their original pH 
values, and the ranges of pH at times of harvest are given along with the 
mean weights of the mats in table IV. 

Analyses of variance were made for each of the groups of ions for the 
first harvest, thus comparing the effects of the low, high, and intermediate 
concentrations of each ion during this period. The differences between 
concentrations are of no significance with the exception of the concentra- 


tions of the potassium ion (solutions 1, 2, and 11). The significance in this 
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comparison is the result of the almost complete suppression of growth in solu- 
tion 1 which contains the lowest concentration of potassium. A comparison 
of solutions 11 and 12 fails to show a significant difference. 

Similar analyses of variance were made for the second harvest (24 days). 
The mean weights for the high, low, and intermediate concentrations of each 
ion are more variable than they were at 18 days. Significant differences 
exist between the various concentrations of the phosphate and magnesium 
ions as well as the potassium ion. These two new significant differences can 
be discounted since they occur only after autolysis has set in. This is indi- 
cated by the rise in pH and the decrease in the mean weights for these par- 
ticular solutions in the interval between the first and second harvests. The 
only solution that does not produce heavier mats in 18 days, in contrast to 24 
days, is the one containing high magnesium. There is apparently a de- 
creased rate of growth with this combination (solution 6) so that the peak is 
reached at a later date. This experiment demonstrates the adequacy of, 
and balance between, each of the ions supplied in the control solution. The 
ranges of the balances between the different ions are either very broad or 
else poorly defined, with the exception of those involving potassium. 

The effect of the potassium ion in this experiment may be attributed to 
either one or both of two different factors. The earlier experiments show 
the importance of a balance between K.HPO, and MgSO,. It could be 
assumed that the low potassium content of solution 1 produces a poor bal- 
ance between potassium and either one or both ions of MgSQ,, since the 
actual ratio of potassium to magnesium or sulphate in this solution is almost 
the reverse of that present in the better salt combinations obtained in the 
factorial experiments. If this assumption is true the main effect of 
K.HPO, in the balance between K.HPO, and MgSO, might be attributed 
to potassium alone, since solution 3 containing a decreased amount of the 
phosphate ion is not out of balance. Another fattor entering into any 
explanation of the poor growth in solution 1 is the high concentration of 
hydrogen ions and the still further increase in the acidity of the solution 
during the period of incubation. P. omnivorwm does not grow well in an 
acid solution (5). It is probable that the low pH values for this solution 
account for most of the poor response on the part of the organism. 

No two of the twelve solutions listed in table 1V have the same composi- 
tion but eleven of them are satisfactory for the growth of this organism. 
The source of the essential elements is unimportant. A good nutrient solu- 
tion can be prepared by using the proper combinations of any of the phos- 
phates and sulphates of potassium and magnesium as the source of potas- 
sium, magnesium, phosphorus, and sulphur, if the concentration of the 
individual ions in the resulting solution meet the requirements for the 
proper supply and balance for growth. There are numerous solutions 
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which will serve as equally satisfactory sources of the major essential ele- 
ments for the growth of P. omnivorum. One of the best of these is the 
original solution containing 0.008 M K.HPO,, 0.003 M MgS0O,, and 0.002 M 
KCl with the concentration of NH,NO, increased to 0.025 M. It cannot be 
improved significantly by increasing or decreasing the amount of any of 
these major inorganic components. 


VARIATION OF GLUCOSE AND NH,NO, 


The responses of the organism to variations in concentration of the inor- 
ganic salts have been studied thus far with the carbon source held constant 
at four per cent. glucose. An experiment was designed in which glucose 
is supplied at one, two, four, or eight per cent. and NH,NO, is supplied at 
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Fic. 3. The influence of different amounts of NH,NO, and glucose on the growth of 
P. omnivorum. 
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0.0125 or 0.025 M concentrations. The constant factors in the solution are 
0.008 M K,HPO,, 0.003 M MgS0O,, 0.002 M KC! and iron, manganese, and 
zine at 2 p.p.m. Sufficient replicates of each of the eight resulting solu- 
tions were employed to permit the harvest of four cultures of each at several 
time intervals. The experiment was repeated several times, varying the 
periods of incubation. The results are presented graphically in figure 3, and 
are based on the combined values obtained at 15, 20, and 25 days in each of 
three different experiments. 

The results can be interpreted in terms of total growth, rate of growth, 
or efficiency of the utilization of glucose. The curves in figure 3 indicate 
that the total amount of growth is determined more by the amount of glu- 
cose in these solutions than by the amount of nitrogen. If sugar is limiting 
there is little to be gained by increasing the nitrogen content of the solution. 
The rate of growth when sugar is not limiting is influenced by the concen- 
tration of NH,NO,. This regulatory action of NH,NO, becomes more 
noticeable as the sugar content is increased. As the peak of growth is ap- 
proached, or attained, there is little choice between the two nitrogen levels 
unless the sugar content is extremely high (8 per cent.). Only with this 
high content of sugar does the 0.0125 M concentration of NH,NO, become 
limiting. The only constant effect of NH,NO, in solutions containing 4 per 
cent. sugar is the increased rate of growth. 

More growth can be obtained by increasing the sugar content of the solu- 
tion with either concentration of NH,NO, but the apparent efficiency of 
carbon utilization decreases. The concentration of NH,NO, regulates the 
rate of carbon utilization but does not materially alter the apparent 
efficiency of this utilization unless the sugar content is above 4 per cent. 


Summary and conclusions 


The nutritional requirements of P. omnivorum in synthetic solutions 
were studied. Factorial experiments were employed to obtain data on the 
direct effect of each of the major components in the solution and on the inter- 
actions of certain of these compounds. 

The proper balance between dibasic potassium phosphate and mag- 
nesium sulphate is as important as the direct effect of either salt. If the 
concentration of one of these salts is increased appreciably the concentra- 
tion of the other salt should be increased accordingly. If the proper bal- 
ance is maintained the concentrations of dibasic potassium phosphate and 
magnesium sulphate can be decreased fifty per cent. or increased four 
hundred per cent., with no significant change in the amount of growth 
obtained. The potassium ion is more important in this balance than the 
phosphate radical. 
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The chloride ion is either non-essential or is furnished in sufficient quan- 
tities as impurities in the reagents. 

There is no significantly superior combination of salts for the supply of 
the inorganic nutrients. The range of tolerance for each of the major 
essential ions is relatively broad. 

A solution containing 0.008 M dibasic potassium phosphate, 0.003 M 
magnesium sulphate, 0.002 M potassium chloride, and 2 p.p.m. of iron, man- 
ganese, and zine is not significantly improved by increasing or decreasing 
the concentration of any one of these salts or their ions. This solution is 
well balanced and the amount of growth developing on it is determined by 
the supply of nitrogen or the available carbon. 

The rate of growth increases as the supply of ammonium nitrate in- 
ereases. This holds true only over a certain range beyond which the growth 
inerement decreases rapidly. With extremely high concentrations of am- 
monium nitrate the responses to the different concentrations of dibasie potas- 
sium phosphate and magnesium sulphate are irregular. The increased 
growth rate obtained with higher concentrations of nitrogen does not 
increase the efficiency of carbon utilization. 

If the carbon source, glucose, is not a limiting factor the rate of growth 
may be regulated by the nitrogen supply. If glucose is limiting there is 
little if any gain obtained by increasing the nitrogen supply. 

Increasing the carbon supply increases the amount of growth but lowers 
the apparent efficiency of carbon utilization. 


Grateful acknowledgment is made to Dr. H. D. BArKeEr of the Division 
of Cotton and Other Fiber Crops and Diseases of the Bureau of Plant 
Industry for suggestions and criticisms during this investigation. 
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COMPARISON OF RATES OF WATER INTAKE IN CONTIGUOUS 
REGIONS OF INTACT AND ISOLATED ROOTS 


HiuppAa F. ROSENE 
(WITH SEVEN FIGURES ) 


Introduction 


Although extensive investigations dealing with the problem of water 
absorption in roots have been carried out for many years, practically no 
attempt has been made to obtain quantitative data on water absorption by 
root tissue per se. Most of the investigations in the past have been made 
on intact and topped plants. When, however, it is desirable to compare . 
the activities of the root in the presence of shoot influences with those in its 
absence, it is imperative that all of the shoot tissue be removed; since it has 
been shown (16) that auxin applied to the topped stem influences translo- 
cation of water and solutes in the roots, it may be that substances produced 
by the stem will do the same. 

It might be objected that roots removed from their ‘‘normal’’ connec- 
tions by excision are in an ‘‘abnormal’’ state. Such roots nevertheless 
continue to grow and transport water and solutes for many hours after 
excision. As pointed out later, a given region in a single root under con- 
trolled conditions may even transport greater volumes of water after 
excision. 

Experimental studies on isolated roots and pieces of roots under prop- 
erly controlled conditions may yield results that are of fundamental sig- 
nificance to a basic understanding of the dynamics of water transport in all 
tissues. Indeed, many of the basic problems of solute absorption and accu- 
mulation have been effectively studied on excised roots by Hoacuanp (4), 
HoaGLANp and Broyer (5), Prevor and Stewarp (11), and Stewarp (17). 
With respect to water transport in root tissue per se, Wuire (18) demon- 
strated that there was a continuous unidirectional flow through isolated 
tomato roots growing in vitro and that such roots manifest six atmospheres 
or more of root pressure. 

Investigations on the direct determination of water absorption by vari- 
ous root regions are few in number. These have not been carried out under 
conditions or by techniques which make the results strictly comparable. 
Even the objectives of the investigators have been different. To obtain con- 
sistent results such variables as age and nutritional history of the roots, 
seasonal effects on the development of the root systems, and variability of 
material must be taken into consideration (HOAGLAND and Broyer, 5). 
RosENE (13) demonstrated that the magnitude and distribution of rates of 
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water absorption in a single root change with aging of the tissues. Unless 
authors state the age of roots as well as the length, comparisons are not as 
significant as they might otherwise be. The structural differentiation of a 
65-mm. onion root six days old, for example, is very different from that of 
a 65-mm. root which has grown slowly and is three weeks old; the first has 
no lateral branches, the second may be profusely branched. In the investi- 
gations of H6HN (6), Srerp and Brewie (15), and Gregory and Wooprorp 
(3) water intake by different root regions was expressed in centimeter 
length of root. Rosene (13) by means of a different technique determined 
simultaneously unit flow in unit time through unit surface area in the dif- 
ferent root regions. Because of differences in diameter of a single root from 
apex to base and of different roots, significance of comparisons of the results 
of the different investigators mentioned above are limited. 

Héun (6), working with roots of Zea mays and Tradescantia fluminen- 
sis, SrerP and Brewie (15) with roots of Vicia faba, Zea mays, and Ricinis 
communis, and RosENE (13) with roots of Allium cepa conclude that the 
entire surface of roots less than 10 em. in length is capable of water absorp- 
tion. Both H6HN and RosENeE maintain that relatively little absorption 
occurs in the apical meristem, while Sterp and Brewie conclude that this 
region frequently manifests water loss. HéHN, Srerp and Brewie, and 
ROsENE are in agreement that maximum rates of water absorption are 
exhibited by relatively more basal regions in roots less than 70 mm. in 
length. 

Up to the present no study had been made to determine the rates of 
water absorption in different rezions of an individual root both before and 
after excision. The present investigation was carried out with this purpose 
in mind. It serves as a foundation and departure for further studies of 
water transport by root tissue. 


Experimentation 
METHOD 


The investigation was restricted to relatively young onion roots (Allium 
cepa) less than 65 mm. in length and not more than a week old. The onions 
were readily cultured in aerated solutions—TRELEASE culture solution or in 
nutrient tap water.'. Ordinarily the roots develop no laterals in culture 
solutions until they are over 2 weeks old. Since the present study did not 
include effects of transpiration on water intake and since relatively long 
roots often developed before leaves, the roots were cultured in the dark. 
This appeared feasible because the bulb furnished a ready supply of carbo- 
hydrate. It also simplified experimental technique since the entire plant 


1 Analyses of tap water were kindly furnished at intervals by Prof. E. P. Scnocn, 
Director of the Bureau of Industrial Chemistry. 
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could be transferred to a single experimental chamber in which it was not 
necessary to illuminate the leaves at the same time that the roots were pro- 
tected from light. No analyses of roots were made; they were of unknown 
sugar and salt content. 

Detailed description of the apparatus and technique employed are 
omitted since these have been published (13). It is, therefore, necessary 
to describe only those modifications in procedure which are pertinent to the 
present investigation. Having placed the plant in the moist chamber, the 
cover was not removed until the experiment was complete. This was pos- 
sible because all manipulations were precisely controlled from the outside. 
When desired, fluid could be added to or withdrawn from the potometers, 
menisci adjusted, the root excised or cut into segments, and the potometers 
or the root raised and lowered without disturbing the interior atmosphere. 
Rates of elongation, the average diameter of the root, height of the water 
column at each root contact, and the movement of the terminal meniscus in 
each potometer were measured with an eyepiece micrometer. No water flow 
along the root from one potometer to that below was observed. Several 
methods, including the use of dyes, were used to check on this possibility. 
Probably the most convincing check that higher rates were observed at 
higher levels because of inherent characteristics of the root itself and not 
fortuitous circumstances was the fact that when the root was inverted the 
higher rates of basal levels produced greater withdrawal of water from the 
lower potometers. Clear cut water columns without merging of menisci 
were maintained when potometers were placed side by side and the distance 
between the menisci of the separate root contacts was 0.2 mm. There was 
no difficulty with the appearance of bubbles at either the potometer contact 
or within the potometer tube. 

A duplicate potometer tube, separate from the root in the chamber and 
filled with the experimental solution was used as a control blank. Various 
methods were used to saturate the air within the experimental chamber with 
water vapor; in some experiments a continuous spray of water was main- 
tained within the chamber without coming into contact with the plant itself ; 
in others vapor-saturated air under a slight positive pressure was slowly 
passed through, or vessels of distilled water were placed on the chamber 
floor preceding the experiment and the interior was not disturbed during 
the experiment. Similar results were obtained by all three methods. Be- 
tween readings, the fog on the thin glass window was removed by a special 
wiper manipulated from the outside. A relatively constant room tempera- 
ture (+ 0.5° C.) was maintained throughout an experimental period. Ex- 
cised roots were maintained in position by attaching them to a fine glass rod 
with a minute quantity of vaseline; this rod was attached to the potometer 
support. Experiments were run in quadruplicate. Volume error in rates 
due to readings was less than 0.002 mm.* per mm.’ 
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TIME IN MINUTES 

Fie. 1. Volume of distilled water absorbed per unit surface per unit time by two 
contiguous local zones of tissue in the basal regions of two intact and two excised roots in 
a vertical position. Diagrams A and B show positions of potometers 1 and 2 on roots 
1 and 3. The potometers on roots 2 and 4 were in the same relative positions. Curves 
1 and 2 for each root show the rates of intake at the corresponding potometer contacts. 
Roots were placed in the chambers 3 hours before observations were made. The roots were 
4 days old. Room temperature, 26° C. 


WATER INTAKE BY CONTIGUOUS REGIONS DURING SHORT 
INTERVALS OF TIME 


Comparisons of the velocities of water absorption in two adjacent regions 
with relatively similar structural differentiation were made by placing two 
adjoining potometers at basal levels in both intact and excised roots of the 
same age and length. Diagrams A and B, figure 1, show the respective 
positions of adjoining potometers on two roots; curves of the rates of intake 
of distilled water at each of the potometer contacts in two intact and two 
excised roots are presented in figure 1. The curves are typical. Most roots, 
intact and excised, including many which absorbed nutrient solutions from 
adjoining potometers, manifested rhythmic variations in the rates of intake 
per minute; the magnitude of fluctuations varied from root to root, and 
sometimes a general drift in the velocity of absorption at each contact was 
observed. In most roots (less than 50 mm. in length and 3 or 4 days old), 
including those represented in figure 1, the rate at the proximal potometer 


contact was higher and the variations at the two contiguous contacts in each 
root appeared to occur quite independently of one another. 
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COMPARISON OF RATES OF WATER INTAKE IN DIFFERENT INTACT 
AND EXCISED ROOTS DURING 24-HOUR PERIODS 


In order to compare variations in the axial distribution of the velocity 
of absorption of intact and excised roots, readings were made at two-hour 
intervals throughout a 24-hour period. A two-hour time interval was 
selected in part because apical regions manifest comparatively slow rates; 
volume intake per unit surface area per hour was calculated for each 
interval. 

The onion bulbs with attached roots were placed in the experimental 
chambers the evening preceding each experiment. They were supplied with 
abundant water and aeration. At 8 a.m. the following morning, without 
removing the glass chamber covers, the potometers were refilled and their 
positions adjusted and the roots in two of the chambers were excised. Each 
root was maintained in a vertical position and threaded through potometers 
10 m. apart. (See diagrams P and QO, figs. 2 and 3). Exudate was col- 
lected in the top potometer in two chambers which contained excised roots. 
No readings were made until 10 a.m. 

Sixteen experiments were run. Since uniform results were obtained 
throughout, data from only four roots present the facts adequately; data 
showing the axial distribution of rates in two roots (one intact, the other 
excised) from an experiment run at a temperature of 30 + 0.2° C. are pre- 
sented in graphic form in figure 2, A and B, and from another experiment 
at 23.5 + 0.2° C. in figure 3. 

A comparison of the heights of the vertical bars during the first interval 
(10 a.m. to 12 mM.) show that all four roots exhibited the highest rate of in- 
take at a relatively basal level when the experiment began. With the excep- 
tion of the excised root shown in figure 2, B, this region continued to main- 
tain the highest velocity of intake throughout the 24-hour period; the 
maximum in root B, figure 2, appeared at a lower level after 2 a.m. The 
maintenance of a strict unidirectional gradient of distribution of velocities 
from interval to interval was not exhibited by any of the four roots con- 
sidered above; this was also true in the other roots observed but not 
included in the figures. In both intact and excised roots the gradient varied 
from interval to interval, sometimes showing one or more minor peaks with 
a maximum at 30 mm. (from the apex) or above; the pattern of axial dis- 
tribution thus exhibited a state of flux which was determined by the fluctua- 
tions that appeared in each region. These fluctuations in a given root are 
evident when the heights of the bars with a given number are compared. 
Comparison of the rates at neighboring regions show that they sometimes 
exhibited fluctuations opposite in direction, one manifesting an increase and 
the other a decrease during the same interval of time. The magnitude of 
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change duving consecutive intervals was not uniform in the different regions 
of a single root. 

The roots absorbed water at higher rates during the latter half of each 
experiment. Elongation in the excised roots ceased during the latter half 
of the 24-hour period but continued in the intact roots as indicated by the 
rates given below the vertical bars in each figure. Since the potometers 
were not moved throughout the experiments, the position of each relative 
to the tip ‘‘migrated’’ towards the base. The same tissue remained at each 
contact all the time, but since elongation occurred at the apex, the regions 
became more basal relative to the apex. ‘‘Migration’’ of the tip away from 
the potometers was greater in the intact root and therefore this may account 
for the steeper gradient sometimes observed in intact roots (cf. gradients 
of roots A and B, fig. 2). Since high rates at basal levels occur in young 
roots as a rule (13), this increase is to be expected in intact roots at this 
stage of development. The change in rate with time was not synchronous 
in the different root regions of intact and excised roots; different regions 
of the same root manifested maxima at different intervals. Although elon- 
gation had ceased in excised roots, they continued to absorb water at rates 
higher than those manifested during the first 10 hours after excision. In 
one or two cases not represented by figures, maximum rates were observed 
during the first half of the 24-hour period in both intact and excised roots. 
Whether or not excised roots exhibit periodicity was not determined. 

The range of variation in rates from minima to maxima in intact and 
excised roots throughout the 24-hour period was greater in excised roots in 
most cases. Minimal and maximal rates at each region in 12 roots observed 
during the 24-hour period are shown in figure 4. The ratio ae 
minimum 
given below each set of two vertical bars shows the magnitude of increase at 
the regions designated by the numbers above the bars. Diagrams of the 
exact positions of the potometers on each of the 12 roots are not given owing 
to lack of space. 

The greatest magnitude of increase exhibited by an intact root is repre- 





Fic. 2. Comparison of the axial distribution of rates of water intake in four different 
regions of an intact and excised root during two-hour intervals throughout a 24-hour 
period. Roots 5 days old; grown in tap water; same medium in potometers. A. Velocity 
of absorption in intact root; B. Velocity of absorption in excised root. Initial positions 
of potometers in each case are shown by the inset diagrams P and O. Height of each 
vertical bar gives average rate of absorption in a given region during a two-hour interval; 
each region is indicated by the number above each bar which corresponds to the number 
of the potometer in that region in the diagrams P and O. In each case the bar which 
represents the rate at the potometer in the most distal position (nearest the apex) is at 
the left, the others follow in order. Elongation in millimeters and the average temperature 


during each interval are given below the bars. 
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sented by the ratio of 5.97 (change in rate of 600 per cent. which occurred 
in root II, figure 4, at potometer 3, at approximately 25 mm. from the 


apex’), a 5-fold increase occurred in two other intact roots (fig. 4, roots I 


and VI). 


2 Rate of elongation and the consequent ‘‘migration’’ 


initial position was not the same in all roots. 


The minimum increase exhibited by intact roots of this group is 


of each potometer from its 
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represented by the ratio of 1.35 in the case of root IV, potometer 3 (approxi- 
mately 25 mm. from the apex). 

On the other hand, the excised roots show ratios ranging from maxima 
of 11.5 and 10.5 (25- and 35-mm. levels of root VIII, fig. 4) to a minimum 
of 1.65 (at approximately 25-mm. regions of roots IX and X, fig. 4). Al- 
though a 3-fold increase at any one level was observed in only one of the 6 
intact roots (root III), increases of this magnitude occurred at one or more 
levels in five of the excised roots. 

In general the magnitude of increase in volume flow with time was 
greater in excised roots; but the absolute velocity of absorption in the dif- 
ferent root regions was usually greater in intact roots, especially in the 
relatively more basal regions. Exceptions occurred in which excised roots 
manifested higher rates than intact roots of the same experiment. 

These experiments show that the polar axial gradient of distribution of 
velocities of intake of water exhibited by intact roots is an inherent charac- 
teristic of the isolated root removed from all bulb influence ; the experiments 
also demonstrate the occurrence of oscillating rates in volume flow at dif- 
ferent root regions in both intact and isolated roots but a general increase 
in volume flow in each region with time. With respect to water absorption 
marked differences in the behavior of different intact and isolated roots 
appear to be absent. 

The data indicate that local regions of any one root exhibit characteristic 
rates of absorption which depend upon the nature of the local tissue in ques- 
tion. This is true both when attached to the bulb and after isolation from 
the bulb by cutting as substantiated in the following section. 


EFFECT OF PRESENCE AND ABSENCE OF BULB ON WATER 
INTAKE BY THE SAME ROOT 


The above experiments on different intact and isolated roots did not show 
whether or not absorption in one or more local regions of the same root is 
visibly affected when the root is cut from the bulb. Consequently, experi- 
ments were run in which measurements of the rates of intake were made 
at given levels of the same root both preceding and following excision. 

Uniform results were obtained in all the experiments; typical data from 
experiments with potometers in relatively (1) apical and (2) basal positions 
are shown in figures 5 and 6 respectively. The initial positions of the 
potometers relative to the apex are shown in the corresponding diagrams 
Aand B. Five or six potometers were used on each root; exudate collected 
in the top potometer (no. 6, fig. 5, and no. 5, fig. 6) after excision. Clean 
eut excision of each root without disturbing the menisci of the lower potome- 
ters was made by placing an excess of culture solution around the root 
region at the top potometer and deftly cutting the root with a sharp piece 
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of thin razor blade attached to a long glass rod manipulated from the 
outside. 

The data represented by figure 5 were obtained from experiments with 
readings at 2-hour intervals for 6 hours preceding and 6 hours following 
excision. The average rates during a subsequent overnight period of 14 
hours were also determined. 

A comparison of the axial gradients of distribution in figure 5 shows 
that the polar apical-basal differences exhibited when the bulb was present 
were maintained in its absence; the magnitude of the apical-basal difference, 
however, was less in three of the roots after excision. When the rates mani- 
fested in period 3 immediately preceding excision are compared with those 
of period 4 immediately following, both an increase and decrease in rates 
at different regions are noted. The decrease in rates was conspicuous at 
potometers 3, 4, and 5 but root I showed a slight increase in volume flow at 
potometer 4; an increase in rates was also manifested at potometer 1 in root 
IV, and at potometer 2 in root IT. 

It is interesting to note that these changes in rates at local regions 
between periods 3 and 4 were not necessarily any greater in magnitude nor 
different in direction from the fluctuations which appeared between two 
other consecutive intervals, either in the presence or absence of the bulb; 
compare, for example, the magnitude and direction of change at potometer 
5 root 1, and at potometer 1 root IV, during periods 1, 2, and 3 when the 
bulb was present. Furthermore, increase in volume flow during subsequent 
periods (periods 5, 6, 7, fig. 5) was exhibited by one or more regions in the 
absence of the bulb; measurements of rates of intake made immediately 
following excision are not necessarily representative of the rate of intake 
in the excised state as shown in the previous section. 

At all levels in root V (fig. 6) the average rate for 6 hours preceding was 
greater than that for 6 hours following excision, and an immediate drop 
occurred at each potometer contact except one (number 4 at 46.4 mm. from 
the apex). Decreased volume flow at all potometer contacts was also ex- 
hibited by root VI immediately after cutting from the bulb. On the other 
hand, the total volume intake in root VII (fig. 6) increased after the root 
had been isolated, although the region at potometer 3 maintained a higher 


Fig. 4. Comparison of the minimal and maximal rates of water intake exhibited in 
different regions of 12 different roots during a 24-hour period. Vertical bars indicated 
by number 1 represent rates within the first 5 mm. (from the apex); bars designated by 
the numbers 2, 3, and 4 represent the rates at regions respectively 10, 20, and 30 mm. more 
proximal than the position of potometer 1. Solid black bars show minimal rates at each 
region; bars with crossed lines, the maximal rates, in the same regions. The magnitude 


er : Bucs. . maximum ,,. : 
of increase in each region is given by the ratio ——. directly below the corresponding 
minimum 


bars. 
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Fic. 6. Comparison of the rates of water absorption at 4 local regions during 6 hours 
preceding and 6 hours following excision. Initial positions of potometers indicated by 
diagram B. Initial lengths of roots numbered V, VI, VII, and VIII were 52, 57.6, 59, and 
57.5 mm. respectively ; age 6 days; grown in TRELEASE culture solution. Placed in cham- 
bers night preceding the experiment. Height of each vertical bar represents the rate of 


water intake at the potometer contact with the corresponding number in diagram B. Room 
temperature, 25° C. + 0.5° C. 
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intake before excision; in this root the axial gradient of distribution, exhib- 
ited during a three-hour interval immediately following isolation of the root, 
was steeper than that exhibited in the 3-hour period immediately preceding, 
when the bulb was present. There was considerable slowing down of the 
velocity of absorption in root VIII (fig. 6) with a consequent flattening of 
the longitudinal gradient of distribution of rates. 

The experiments discussed above represent typical results obtained from 
measurements on 32 roots. When comparisons were obtained between the 
average rate of water intake during the 6-hour period preceding, and the 
6-hour period following excision, seven of the roots displayed an increase in 
volume flow during the second 6-hour period when the bulb was absent. 
The experiments show that the longitudinal gradient of velocity of absorp- 
tion in a saturated atmosphere is usually flattened by excision owing to 
greater decrease in rates at relatively more basal levels after isolation; but 


Fig. 5. Comparison of the rates of water absorption at 5 local regions during 3 inter- 
vals preceding and four following excision. Initial positions of potometers relative to the 
apex indicated in diagram A. Initial lengths of roots numbered I, II, III, and IV were 
51, 48.3, 49, and 47 millimeters respectively; age 4 days; grown in TRELEASE solution; 





same medium in potometers. Placed in chambers night preceding the experiment. Height 
of each vertical bar represents the rate of intake at the potometer contact with the corre- 
sponding number in diagram A. Room temperature, 25° C. 
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they also demonstrate that volume flow at a single local region and even at 
all regions may increase immediately after the root has been isolated. 


ABSORPTION OF WATER BY ROOTS IN AN INVERTED POSITION 
WITH RESPECT TO GRAVITY 


In order to determine whether or not higher rates were observed at 
higher levels because of vertical orientation of the root, experiments were 
run on both intact and excised roots when inverted. 

The bulbs, including short leaves if present, were fitted in an inverted 
position into perforated corks placed on the floor of each chamber and the 
inverted roots carefully threaded through the potometers without injury. 
The length of the root, the positions of the potometers, and duration of the 
experiments were varied. Consistent results were obtained in all the experi- 
ments; typical data are given in figure 7. Rates were first determined in 
the intact roots for a short period of 3.5 hours and a subsequent period of 
10 hours; each root was then cut from the bulb without removing the cham- 
ber covers and rates again determined during two periods of different 
duration. 
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Fic. 7. Comparison of distribution of rates of intake before and after excision in 4 


roots, oriented in an inverted position with respect to gravity. Initial positions of po- 


tometers shown by inset diagram A. Vertical bars represent rates; numbers above corre- 
spond to potometers in diagram A. Rates during four consecutive periods are shown; first 


reading 8 A.M. Age of roots, 5 days; initial lengths 51 to 54 mm.; grown in tap water; 


same medium in potometers. Room temperature, 24.5° C. 


Comparisons of the data show that in both the intact and excised state, 
lowest velocities of intake appeared at the apical regions which in this case 
A strict unidirectional gradi- 


withdrew water from the highest potometers. 
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ent of distribution of rates was maintained by roots III and IV during the 
two periods preceding excision ; following excision the steepness of the gradi- 
ent was less and a minor peak appeared at potometer 5 (near the apex) in 
root III. Minor peaks in the gradient also appeared in roots I and IT both 
before and after excision (at potometer 5 during the first 3.5-hour period in 
the intact root and at potometer 3 in the excised root). An increase in 
rates with time was manifested by the different levels both in the presence 
and absence of the bulb; in roots I and II the average rates observed during 
the second period (short period of 3.5 hours) in the absence of the bulb 
were greater than that observed at corresponding levels during the two 
periods in the presence of the bulb. 

These experiments furnish further evidence that local regions along the 
root axis manifest independent characteristics whether or not the root is 
attached to the shoot in a saturated atmosphere. 


WATER INTAKE AT CONTIGUOUS REGIONS IN DEAD ROOTS 


Intact and excised roots which had been killed showed both liquid loss 
from, and liquid intake by, a local region at a single potometer contact but 
during different intervals. Table I shows typical results obtained from 
experiments during which the roots were quickly killed by dipping them 
into boiling water or applying a jet of steam. The roots were sectioned and 
examined after the experiments. 

Although liquid loss appeared at different levels in the dead intact root 
A and the dead excised root B, both roots showed greater water uptake than 
liquid loss during the 10-hour experimental period; the uptake by the ex- 
cised root was much less than that of the intact root. Comparisons of rates 
at the same levels in the same root in the presence and absence of the bulb 
show that root C manifested a marked increase in water uptake at 3 levels 
and liquid loss at one level after it had been killed, root D exhibited a de- 
crease in water uptake at basal levels, but no liquid loss; after excision water 
uptake practically ceased. 

No water uptake occurred in dead intact roots when the period of ex- 
posure to heat was longer than two seconds; in such cases pronounced liquid 
loss from the root occurred at each level and the root flattened into a thin 
ribbon. 

The experiments showed that dead root tissues in either the intact or 
excised root are leaky systems with respect to water uptake; in both cases 
a given level may manifest water influx simultaneous with liquid loss in an 
adjacent region. 

Discussion 


In onion roots (Allium cepa) water intake is a continuous flux process 
but with changing velocity. The different rates of intake are sharply local- 
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TABLE I 


EFFECT OF KILLING ROOTS ON WATER INTAKE BY DIFFERENT LOCAL REGIONS 
RATES (mm.*/mm.?/hr.) OF WATER INFLUX DESIGNATED BY ‘‘+ 


AND OF LIQUID LOSS DESIGNATED BY ‘*— 





Root A | 


> 


SIGNS 


”? 





Data from intact root killed with hot water 


Positions of potometers; mm. from apex 





Interval 5 


8-10 A.M. — 0.201 
10 a.M.—12 mM. + 0.073 
12-2 P.M. — 0.091 
2-4 P.M. + 0.146 

— 0.009 


Root B 


4—6 P.M. 


Data from excised root; killed with hot 


Intact 
living 

Intact 
dead 

Excised 


dead 


Root D 


Intact 
living 


Intact 
dead 


Excised 


ized at different levels at any one instant. 


| 
|———- a 
| 


9-11 A.M. 


Interval 3 
8-10 A.M. 0.000 
10 a.M.—12 M. 0.000 
12-2 P.M. 0.000 
2—4 P.M. — 0,008 
4—6 P.M. 0.010 


Data from single root before and after killing; steam applied to root only 


Positions of potometers ; 


15 25 35 
— 0.086 + 0.030 — 0.014 
+ 0.034 0.000 + 0.187 
— 0.033 + 0.046 + 0.045 
+ 0.069 + 0.029 + 0.072 
+ 0.051 - 0.006 + 0.004 


mm. from apex 


10 20 30 
+ 0.025 —(0.114 + 0.026 
+ 0.003 + 0.204 — 0.019 
— 0.011 + 0.110 0.000 
0.000 - 0.022 + 0.049 
t 0.020 0.000 + 0.005 


Positions of potometers; mm. from apex 


Interval 4 


8—9:30 A.M. 
9:30-11 A.M. 


12-—1:30 P.M. + 0.083 
1:30-3:00 P.M. + 0.082 
3:00-4:30 P.M. + 0.022 
4:30-6:30 P.M. — 0.012 


Data from single root before and after 


Positions of potometers; 


Interval 6.5 


11 A.M.—1 P.M. + 0.030 
2—4 P.M. + 0.053 
4—6 P.M. + 0.050 
6-8 P.M. + 0.025 
8-10 P.M. + 0.021 


+ 0.025 
+ 0.029 


+ 0.033 


14 24 34 
t 0.021 - 0.023 +t 0.036 
+ 0.036 t 0.027 t+ 0.049 
+ 0.120 0.149 + 0.148 
t- 0.089 t 0.094 — 0.398 
- 0.002 + 0.013 0.049 
0.000 0.027 + 0.018 


killing; 


£3 

mm. from apex 
16.5 26.5 36.5 
+ 0.047 +0.116 | +0.119 
+ 0.037 0.102 + 0,125 
+ 0.040 tL 0.55 t 0.075 
+ 0.066 0.79 + 0.075 
+ 0.032 0.270 + 0.015 
+ 0.00] 0.000 + 0,021 


water before excision 


44 
+ 0.040 
+ 0.067 
— 0.162 
— 0.410 


no exudation 
no exudation 


steam applied to root only 


46.5 

+ 0.110 
+ 0.106 
+ 0.72 
+ 0.70 


no exudation 
no exudation 


With respect to time and space, 


water absorption involves a shifting pattern of rates along the longitudinal 


axis. 





More knowledge of cell dynamics is necessary to explain what factors 
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alter the flux equilibria of contiguous cells similar in structure, and further 
experimentation is necessary to reveal how adjacent regions in the root often 
manifest simultaneous positive and negative accelerations in water influx 
under constant external conditions in both intact and excised states. Are 
such oscillations characteristic of adjacent ‘‘spots’’ on the surface of a single 
cell—does the spacial pattern of dynamic forces in the cell vary from instant 
to instant causing simultaneous restriction of intake at one ‘‘spot’’ and 
acceleration at another (cf. LuNp, 9)? Studies in the electrophysiology of 
onion roots show that spontaneous variations of electric potentials occur in 
adjacent regions under constant external conditions (1, 9, 10, 12,14). From 
his experiments on Douglas fir (8) LuNp concluded that the inherent electric 
energy output might function in electroendosmotic flow. Whether or not 
there is any interrelation between spontaneous variations of bioelectric 
potentials of the root and water intake or transport is not known at present. 
Fluctuations of ion uptake by single plant and animal cells have been 
reported by Brooks (2). 

The fact that the basal regions of roots less than 65 mm. in length and 
less than a week old continue to absorb greater quantities of water per unit 
surface, even after excision in a saturated atmosphere, indicates that the 
same inherent difference in machinery operating to maintain this apiecal- 
basal difference before excision continues to exist after excision, and in this 
respect is fundamentally independent of the shoot-root relationship. This 
does not imply that the shoot-root relationship does not also enter in as a 
condition because the absolute rates of intake in the basal regions are in 
most cases immediately lowered by excision. It may be that the difference 
(before and after excision) in basal regions represents a ‘‘pull’’ by the shoot 
which in this instance acts as a ‘‘suction pump.’’ Jn some roots, however, 
the basal regions may absorb even greater quantities of water after excision 
—in that case the difference may represent a ‘‘push’’ or the action of a 
‘*force pump”’ in the root tissue; but we have no critical evidence which 
isolates the ‘‘push’’ and ‘‘pull’’ forces that might be operating in the root 
tissue per se. It may be that the demands of the bulb and growing leaves 
are greater at some times than at others, and differ in different roots, so that 
a greater water deficit actually exists in some roots before excision, and, 
furthermore, it may be that some roots contain greater amounts of nutri- 
tional reserve. Water deficits in excised roots would hardly be expected to 
exist after the roots manifested vigorous exudation; vet the rates of intake 
were greater when possible deficits were supposedly satisfied. The quantity 
of water absorbed immediately after excision does not represent the maxi- 
mum absorbing capacity of the root tissue because the rates increase with 
time after excision under the given conditions. Removal of the bulb and 


growing leaves in a saturated atmosphere may remove an accessory suction 
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force but the data show that the unit volume of transport through a given 
level in an excised root may be just as large or larger than when it had the 
added force of the bulb to supplant its own in the transport of water. 

Prevot and Stewarp (11) demonstrated that the entire surface between 
the apex and emergence of secondary roots of 12-day-old barley plants rep- 
resented a potential absorbing surface for salts. They also showed a pro- 
nounced longitudinal gradation in the capacity of salt accumulation, and 
that segments near the apex attain higher concentrations than those more 
remote. Since the roots were not only a different type, but were also slightly 
older than the roots discussed in the present paper, strict comparison of 
results cannot be made; but it is interesting to note that opposite gradients 
occur ; in the excised barley root the peak of salt intake for a given interval 
is within the first 15 mm.; in the excised onion root the peak of water intake 
is beyond this region and near the base. If the gradient of ion intake in 
the onion root is similar to that of barley this would mean greater dilution 
of surrounding solution at the apex during a given interval since ion intake 
would be relatively greater and water intake relatively less than in basal 
regions. Experiments are under way to determine whether or not this 
occurs. 

Death of the tissues destroys the mechanism regulating water intake in 
both intact and excised roots; water uptake in a dead root occurs by an 
entirely different mechanism. The dead excised root which no longer mani- 
fests exudation at the basal end exhibits siphon action and leaks at one or 
more levels; the dead intact root which may serve as a wick to a greater or 
less extent also leaks at one or more levels; the wick action immediately after 
death may involve greater or less uptake than in the living state; some dead 
roots in both the intact and excised state manifest no water uptake whatso- 
ever. It is not known whether or not liquid loss occurred in the dead roots 
of KRAMER’s experiments (7) because he was interested in transpiration rates 
and did not measure water intake. KRAMER maintains (7, p. 484) that ‘‘in 
experiments with sunflower, tomato, and tomato plants it was found that in 
most cases during the first twenty-four hours after the roots were killed the 
plants with dead roots transpired only about one-half as much water per unit 
of leaf area as the plants with living roots.’’ 

The living root is not merely a piece of machinery which interposes 
resistance to water, neither is it merely a sieve or a wick with regard to 
transpiration and the transport of water. The living root in position can 
deliver more water than that same root when dead. In a saturated atmos- 
phere it manifests a characteristic flux gradient of water intake which is 
maintained by that root when it is upright or inverted, intact or excised, 
but which disappears when it is killed, liquid loss appearing at one or more 


levels. There is no cessation of water influx in the healthy living intact and 
« re 
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excised root; although changes in flux rates occur in contiguous regions, 
there appears to be a continuous overall drive of water through the root 
tissues. Before operative details of the working machinery of water absorp- 
tion can be forthcoming we need further accurate accounts of the rates of 
volume transport in different types of roots, old and young, under carefully 
controlled conditions. 

Attention should be called to the point that the objective has been to 
isolate the mechanism of transport of water into the root and reduce the 
problem to characteristics of absorption at a small element of root surface. 
This cellular mechanism has a large but variable volume capacity for trans- 
port of water across it and in this respect the problem is fundamentally the 
same as that of the uriniferous tubule in the animal. 


Summary 

1. By means of a technique previously described (13) simultaneous 
measurements of the rates of water absorption by contiguous regions were 
made in a saturated atmosphere on single intact and excised onion roots 
(Allium cepa) 65 mm. or less in length and less than a week old. 

2. The experiments on intact and excised roots of corresponding age, 
length, and history carried out under comparable conditions of humidity, 
temperature, and light showed similar characteristics of behavior in water 
absorption with respect to (a) localization of the highest rates in relatively 
more basal regions; (b) an over-all increase of rates at each level with time 
throughout 12 two-hour intervals (24-hour period) ; and (c) fluctuations of 
rates in contiguous regions and in the axial gradient of distribution under 
constant external conditions. 

3. The rates of water influx at contiguous levels of the same root after 
excision were equal to, greater, or less than before excision. 

4. Both intact and excised roots which had been killed showed pro- 
nounced irregularities of water intake in contiguous regions; both liquid 
loss and uptake occurred at different levels during the same interval. The 
living root in position can deliver more water than that same root when 
dead. 

Acknowlegment is made to A. A. Horak for technical assistance. 
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THE DETERMINATION OF SELECTED CHEMICAL CHARAC- 
TERISTICS OF SOIL WHICH AFFECT THE GROWTH 
AND COMPOSITION OF PLANTS 


G. R. NOG@LtE AnD F. LYLE WryunpbD 


Introduction 


It is obvious that very great specialization of modern botanical science 
has led to many important developments in this field of knowledge which 
otherwise would not have been possible. But these very advances which 
specialization makes possible are often obtained at the price of a narrowing 
of the field of intellectual outlook by the workers who are most concerned. 
Ultimately, the workers themselves become hampered in their studies by the 
intensity of their specialization, and the discoveries and techniques of ad- 
jacent sciences which they could profitably use are too frequently ignored. 

At no place in botanical science has this intensity of specialization pro- 
duced greater harm along with its gains than in the study of plant physi- 
ology and agronomy. Unfortunately, in many American educational insti- 
tutions the main distinction between these subjects seems to be based on the 
idea that plant physiology deals with unimportant aspects of unimportant 
plants and that significant plants lie in the province of agronomy. There 
can be a justifiable distinction between these subjects only in the matter of 
emphasis rather than in the actual subject matter, for certainly the plant 
physiologist is less concerned with the ultimate economic significance of his 
work than is the agronomist. But in so far as the plant physiologist and 
the agronomist are dealing with the actual growth and behavior of plants it 
is difficult indeed to avoid the conclusion that if there is a distinction at all 
between their work it is without a difference. 

A specific example of the results of an artificial and pedantie distinction 
between these two sciences, is their different approach to the problem of the 
mineral nutrition of plants. The plant physiologist too frequently visualizes 
the problem as involving primarily a mixture of ions dispersed in a liquid. 
His approach, therefore, centers on artificially controlled liquid nutrient 
media. The agronomist frequently visualizes the problem as one depending 
almost exclusively on colloidal phenomena in naturally oceurring soils. 
Each of these viewpoints has led to valuable results, and no serious fault can 
be attributed to the different attitudes themselves. The fault lies only in 
the fact that these specialized viewpoints, each based on vast fields of 
literature, aggregations of specific data, and highly specialized techniques, 
tend to lead research workers to a biased interpretation of the major 
problem and many significant aspects are either confused or ignored. 

The plant physiologist is particularly at fault, since he has permitted 
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his attack on the problem of the mineral nutrition of plants by the artificial 
solution procedure, which was pressed so vigorously a few years ago, to come 
to a rather ignominious end in so far as fundamental knowledge of the 
growth of plants in soil is concerned. The really significant aspects of the 
problem have now been taken over by the agronomist, who is centering his 
attention on the colloidal phenomena occurring in soils. This approach is 
leading to rapid progress. It 1s the belief of the writers, however, that even 
further progress would be made if the strict plant physiologist would revive 
his interest in the mineral nutrition of plants modified by the recent develop- 
ment in agronomy and especially by applying to his own theoretical prob- 
lems many of the techniques worked out by the agronomist. 

Like all fields of study, the literature of agronomy presents a vast and 
confusing aspect; it presents a serious problem to even the most ambitious 
plant physiologist. The purpose of the present paper is to describe in con- 
siderable detail a selected group of techniques that are available for the 
study of a few of the characteristics of soil which are of special significance 
in the growth and composition of plants. Only chemical and colloidal 
characteristics are included which might reasonably be expected to vary 
throughout the growing season, in different seasons, and with different 
fertilizer treatments. 

The analytical procedures are based on several types of soil extracts. 
How to obtain a soil fraction, or extract, that is truly related to plant 
nutrition is one of the most perplexing problems in the study of soil fertility. 
The present uncertainty as to the proper procedure necessitates the several 
types of extractions described. In most instances, air dry samples of soil 
are used. 

The laboratory should be equipped with an electric drying oven, steam 
bath, chemical balances, glass electrode, mechanical shaker, sieves, centrifuge, 
distillation equipment, Kjeldahl digestion equipment, bank of suction filters, 
filter rack, digestion hood, hot plate, colorimetric equipment, and a carbon 
combustion train. 

The usual details of chemical technique must be observed at all times. 
The capital letters enclosed in parentheses in the diagrams of the schematic 
separations refer to the procedures in the later portion of this paper 
which describe the determination of the specific ions indicated. 


Collection and preparation of field samples 
The variability of soils makes it almost impossible to devise an entirely 
satisfactory method of collecting truly representative field samples. The 
details of any particular procedure must be modified to suit the particular 
purpose for which the sample is desired. Remove from the surface all 
vegetable materials not intimately incorporated into the soil. For the 
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examinations described in the present paper, the sample should be repre- 
sentative of the soil layer to the average depth of the most recent plowing. 
Ordinarily this will be about seven inches. Sometimes it may be desirable 
to collect samples from various strata to a depth of 40 inches or more by 
means of a soil auger. When using a soil auger, enlarge the diameter of the 
first boring before penetrating below the plowed depth in order to prevent 
the contamination of the lower samples by falling fragments from the upper 
layers. 

A sufficient number of samples should be collected so that a satisfactory 
composite sample may be prepared. After the material has been air dried, 
reduce the lumps by rubbing in a porcelain mortar, or by any method that 
will not reduce the rock fragments themselves. .Sift through a sieve having 
circular openings 1 mm. in diameter, thoroughly mix, and store in a stop- 
pered container. If the total quantity of any component is to be determined, 
finely pulverize a part of the sample prepared as above (1). 


Calculation of results 


The results of chemical determination on soil may be expressed in a 
variety of ways. When expressed as pounds per acre, it is first necessary 
to determine the weight under field conditions of a given volume of soil 
from a small area to a depth of 7 inches or to the depth of the most recent 
plowing. This method is especially valuable in the making of comparisons 
between soil conditions and crop production per acre. Results also may be 
expressed in terms of percentages of the air-dry or oven-dry sample. This 
latter procedure may be used more appropriately when soils are being 
studied comparatively or when changes in the soil are being followed. 

The Roman numerals and headings in subsequent paragraphs indicate 
separate sub-samples of the composite field sample. The procedures for the 
examination of each of these sub-samples is described under such headings. 


Water relationships 


I. Motsture 

Weighing bottles and their stoppers are heated 6 to 12 hours in an electric 
oven at 105° to 110° C. Cool in a desiccator over calcium chloride and weigh 
to + 0.001 gm. The weighing bottles should be handled with a small piece 
of cheese cloth or with crucible tongs. Transfer 2 to 5 gm. of the fresh, 
undried field sample of soil to each weighing bottle by means of a porcelain 
spatula, weigh, and dry in the electric oven from 8 to 12 hours. Cool in a 
desiccator and reweigh. Clay soils and those containing an appreciable 
amount of organie matter should be dried for an additional 8 to 12 hours 
and reweighed. 

Moisture determinations should be made in triplicate and the results 
expressed as percentages of the oven-dry sample. 
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II (A). WATER HOLDING CAPACITY 


Dry the weighing bottles and their stoppers in the electric oven from 6 
to 12 hours at 105° to 110° C., cool in a desiccator over calcium chloride, 
weigh to + 0.001 gram, and store in the desiccator until needed. Carefully 
fit a no. 1 filter paper into the bottom of a Hilgard soil cup and fill level to 
the edges with soil. Care should be taken to prevent pressing or compact- 
ing of the sample. Place the filled cup in a shallow pan and add water 
until the cup is nearly submerged. As soon as saturation is complete, re- 
move the cup, cover with a watch glass and allow to drain at room tempera- 
ture over night. Transfer the sample to a weighing bottle and weigh. Then 
dry in the electric oven from 8 to 12 hours. Clay soils and those rich in 
organic matter should be dried for an additional 8 to 12 hours. Cool in the 
desiccator and reweigh. 

The determinations should be made in triplicate and the results ex- 
pressed as the percentage of water on the basis of the oven-dry sample which 
the soil can hold against the force of gravity. 


II (B). PERCENTAGE OF THE WATER HOLDING CAPACITY 
UNDER FIELD CONDITIONS 


The percentage of the water holding capacity under field conditions is 
calculated from the data obtained in I (A) and IT (a). 
Moisture in fresh sample 


> " —— x 100 = percentage of the water holding capacity 
Water holding capacity , I , 





Acidity relationships 
Ill. pH 


Shake 100 gm. of air-dry soil for 1 min. with 250 ml. of carbon-dioxide- 
free water in a 1-liter Erlenmeyer flask. Decant a portion of the super- 
natant liquid into a 150-ml. beaker and determine the pH by the glass 
electrode (11). If the glass electrode is a sufficiently rugged type, it may 
be immersed directly into the soil suspension. If the soil suspension reaches 
its pH equilibrium slowly, it may be advisable to allow the suspension to 
stand for 1 hour before the determination is made. 


IV. LIME REQUIREMENT 


Add 5 gm. of air-dry soil which has been sifted through a 10-mesh sieve 
to each of 4 test tubes. Add 1 gm. of potassium chloride and 25 ml. of dis- 
tilled water to each tube. To one tube, add 5 ml. of 0.00124 per cent. 
Na.CO,-H.0O; it corresponds to 1 ton of calcium carbonate per acre of 
2,000,000 pounds of soil. Add to successive tubes 2, 3, and 4 times this 


amount. If desired, the steps may be made 2.5 ml. per tube which corre- 


sponds to one-half ton applications of lime per acre. Shake vigorously 
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about 25 times and let settle. Add 3 drops of brom-thymol blue indicator 
and agitate just enough to mix the indicator with the upper half of the solu- 
tion. The first tube in the ascending order of carbonate additions which 
shows a green to greenish-blue color is considered to have received adequate 
ealeium. The calculated amount of calcium carbonate required per acre 
must be corrected for impurities in the commercially obtained produet (4). 

If the samples exhibit wide variation in the lime requirement, the pre- 
liminary test with potassium thiocyanate solution (4 per cent. in 95 per 
cent. alcohol) will permit the lime requirement to be determined with a mini- 
mum number of sodium carbonate additions. Mix a small amount of the 
air-dry soil with an equal volume of the potassium thiocyanate solution. 
Shake well and allow to stand for 10 min. If no color develops, the soil is 
not acid; increasing degrees of color indicate progressively a_ higher 
acidity. The addition of sodium carbonate may be made corresponding to 
1, 2, and 3 tons of lime per acre for slightly acid soils and 3, 4, and 5 tons 
per acre for more acid soils. 


Colloidal relationships 
V (A). TOTAL BASE EXCHANGE CAPACITY 

Weigh out 10 gm. of the air-dry sample and treat with 50 ml. of neutral 
1.0 N ammonium acetate in a 250-ml. beaker, and allow to stand for 1 hour 
with occasional stirring (5). Transfer to a 9-cm. Buchner filter funnel and 
wash the soil with successive small additions of ammonium acetate until 450 
to 500 ml. of leachate have been obtained. Before starting the leaching, be 
certain that the filter paper is wet and that the suction has been turned on 
before the mixture of soil and ammonium acetate solution is transferred to 
the filter. If the suction is not being applied at all times, the filter paper 
will curl and permit some of the soil to go into the leachate. Transfer the 
leachate to a 1-liter beaker and preserve for the determination of the total 
replaceable bases as described in section V (B), where it is referred to as 
“leachate A.”’ 

Wash the soil free from excess ammonium acetate by washing the sample 
on the filter with successive additions of methyl alcohol, which has been 
made neutral to brom-thymol blue by a drop by drop addition of concen- 
trated ammonia, until 450 ml. of alcohol have been used. Care should be 
taken to wash down the sides of the filter funnel. Remove the filter flask 
and replace with a clean flask. Then leach the soil with 400 ml. of 0.1 N 
hydrochloric acid. The procedure must not be interrupted until this process 
of releasing the replaceable ammonium ions with hydrochloric acid has been 
completed. Transfer the leacheate, which now contains the replaceable 
ammonia, to an 800-ml. Kjeldahl flask, add 5 gm. of sodium hydroxide pellets 
and distill into a 500-ml. Erlenmeyer flask containing 50 ml. of standard 0.1 
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N hydrochloric acid until the volume of liquid remaining in the distillation 
flask has been reduced to 60 to 80 ml. Titrate the remaining hydrochloric 
acid with standard 0.1 N sodium hydroxide, using brom-thymol blue as an 
indicator. 

The milliliters of standard 0.1 N hydrochloric acid used is equal to the 
base exchange capacity in terms of milliequivalents per 100 gm. of dry soil. 
The determinations should be made in triplicate. 


V (B). TOTAL REPLACEABLE BASES 


Evaporate to dryness on the steam bath, the ammonium acetate leaching, 
now designated as ‘‘leachate A,’’ which was obtained in the procedure V (a). 
Transform the acetate salts of the basic ions present to carbonates by ignit- 
ing the dry residue to whiteness on a silica plate. Cool, add 50 ml. of stan- 
dard 0.1 N hydrochloric acid and 25 ml. of water. Heat to boiling and 
allow to boil for 15 seconds. Cool, and titrate the remaining hydrochloric 
acid with standard 0.1 N sodium hydroxide, using brom-thymol blue as the 
indicator (5). 

The milliliters of standard 0.1 N hydrochloric acid used to react with the 
carbonates is equal to the total replaceable bases in the soil in terms of mil- 
liequivalents per 100 gm. of dry soil. The determinations should be made 
in triplicate. The titrated solution should be designated as ‘‘solution B”’ 
and preserved and used for determination of individual replaceable bases as 
described in section V (8). 


V (c). PERCENTAGE BASE SATURATION 


The percentage of base saturation of the field samples may be calculated 
from the results obtained by the procedures of sections V (Aa) and V (s). 
Total replaceable bases ; : 
——EOE—eerereooreess Sx 100 = Percentage of base saturation 
Base exchange capacity 
V (bp). REPLACEABLE HYDROGEN 


The replaceable hydrogen may be calculated at this point by substracting 
the percentage of base saturation from 100. This method is correct in prin- 
ciple but is subject to many errors. See section VI for a direct method of 
determining replaceable hydrogen. 


V (£). INDIVIDUAL REPLACEABLE BASES 


The individual basic ions may be determined on suitably prepared ali- 
quots of the neutralized solutions obtained by the procedure described in 
section V (B) and designated there as 


‘ 


‘solution B.’’ Acidify the ‘‘solution 


B”’ with 5 ml. 0.1 N hydrochloric acid and evaporate to dryness on the steam 
bath. Dissolve the residue with water and make up to volume in a 100-ml. 
volumetric flask. 
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An aliquot of 50 ml. is used for the determination of potassium. The 
remaining aliquot of 50 ml. is used for the determination of calcium, mag- 
nesium, and also potassium if desired. Ordinarily, however, more accurate 
determinations of potassium may be made on a separate aliquot. 


Aliquot 1 


Co(NO,), - 3NaNO, 


: | 
precipitate filtrate 
K (D)1 


Aliquot 2 


Remove Fe group (A) 








NH,OH 
precipitate filtrate 
Fe, Ti, Al, P (NH,).C.0, 
precipitate filtrate 
Ca (B) (NH,).-HPO, 
precipitate filtrate 
Mg (C) K if desired (D) 


1 The letters enclosed in parentheses refer to the procedures described under the same 
letters in the text. 


VI. EXCHANGEABLE HYDROGEN BY TITRATION 

The titration procedure of determining exchangeable hydrogen is to be 
preferred over the difference method described in section V (p). Place 5 
or 10 gm. of air-dry soil in a Gooch crucible and leach with 250 ml. of neu- 
tral, 1 N barium acetate adjusted to pH 7. The leachings are then titrated 
with standard 0.1 N barium hydroxide to pH=7.00. The final end point 
should be determined by the glass electrode. For an original sample of 10 
gm., the milliliters of barium hydroxide used equals the milliequivalents of 
replaceable hydrogen per 100 gm. of air-dry soil (14). 


VII. ORGANIC COLLOID BASE EXCHANGE CAPACITY 


Weigh out 10 gm. of the air dry sample and treat with 80 ml. of 15 per 
eent. hydrogen peroxide in a 400-ml. beaker. Cover with a watch glass 
and digest for 1 hour on the steam bath. Remove the watch glass and 
evaporate to dryness. In some instances a second digestion with hydrogen 
peroxide may be necessary to destroy the organic matter. When the sample 
is free from organic matter, determine the base exchange capacity as de- 





es 
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scribed in section V (A). The value obtained will be the base exchange 
capacity of the inorganic colloids, and the difference between the total base 
exchange capacity determined by the procedure described in section V (a) 
and the inorganic colloid base exchange capacity is equal to the organic base 
exchange capacity (13). 


Nitrogen 
VIII. Toran NrrRoGEN 


Place 10 gm. of the air-dry field sample in an 800-ml. Kjeldahl flask with 
50 ml. of concentrated sulphuric acid and 2 gm. of commercial salicylic acid 
and allow to stand for 30 min. with frequent shaking. Add 10 gm. of 
sodium thiosulphate and heat gently for 5 min., cool, and add 10 gm. of salt 
mixture. This salt mixture consists of 20 parts potassium sulphate or an- 
hydrous sodium sulphate, 2 parts ferrous sulphate, and 1 part copper sul- 
phate. Digest until clear or very nearly so, cool, dilute with 150 ml. of 
water ; cool, and add 75 ml. of 45 per cent. sodium hydroxide by carefully 
pouring down the neck of the flask so that the alkali forms a layer in the 
bottom of the flask. Connect to the still, shake, and distill about 150 ml. 
into 50 ml. of standard 0.1 N hydrochloric acid contained in a 300-ml. Erlen- 
meyer flask. Titrate the remaining acid with standard 0.1 N sodium hy- 
droxide, using brom-thymol blue as an indicator. Each ml. of 0.1 N acid 
neutralized by the ammonia in the distillate corresponds to 1.401 mg. of 
nitrogen. Express the result as a percentage of the air-dry sample (1). 


IX (A). AMMONIA 


Ammonia usually is determined on the fresh field sample before it has 
been dried (18). 

Weigh 100 gm. of the sample into a 500-ml. Erlenmeyer flask, add 100 
ml. of 2 N potassium chloride solution, and sufficient 2 N hydrochlorie acid 
to bring the mixture to the proper acidity ; add sufficient water to bring the 
total volume of liquid added up to 200 ml. In order to determine if the 
mixture has been adjusted to the proper acidity, a separate 10-gm. sample 
of soil is shaken with 10 ml. of 2 N potassium chloride, 1 ml. of 2 N hydro- 
chlorie acid, and 9 ml. of water in a 125-ml. Erlenmeyer flask and filtered. 
If the filtrate is bright red with the thymol blue indicator (pH about 1.5), 
sufficient acid has been added. If the indicator color is orange or yellow 
(pH about 2 or more) additional 2 N acid must be added until the proper 
color is obtained. Then add 10 times this amount to the sample which is 
to be analyzed for ammonia. Most soils, provided that they are free from 


calcium carbonate and not too rich in humus, will assume the proper acidity 
with 100 ml. of 2 N potassium chloride, 10 ml. of 2 N hydrochlorie acid and 
90 ml. of water. Add about 7 drops of toluene. If a considerable amount 
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of carbonate is present, shake the flask by hand until most of the earbon 
dioxide has escaped. Stopper tightly and shake for 1 hour on the mechani- 
cal shaker. Transfer the entire contents of the flask to a 16-cm. fluted filter 
funnel with a single pouring. Discard the first 20 to 30 ml. of the filtrate, 
collect the remainder in a 300-ml. Erlenmeyer flask, and stopper tightly until 
used for the determination of ammonia. 

A 100-ml. aliquot is used for the ammonia distillation. This represents 
one-half of the original sample if 200 ml. of liquid have been added to it. 
A strictly accurate dilution factor would necessitate a correction for the 
variable volume of acid added and also for the amount of water originally 
in the sample. Since a single 100-ml. aliquot of the filtrate is used, it is not 
necessary to consider the volume of liquid remaining with the soil residue 
or on the filter paper. The aliquot to be used for distillation is transferred 
to an 800-ml. Kjeldahl flask and 200 ml. of water and 5 gm. of magnesium 
oxide are added. Distill about 150 ml. into a 300-ml. Erlenmeyer flask con- 
taining 50 ml. of standard 0.02 N hydrochloric acid. The residue in the 
distillation flask is preserved for the determination of nitrate as deseribed 
in section IX (B). The unneutralized acid is titrated with 0.02 N sodium 
hydroxide, with brom-cresol green as the indicator until the color matches 
that of an acetate buffer at pH 4.8 to which the indicator also has been 
added. ‘his buffer solution is prepared by adding 6 ml. of 0.2 N sodium 
acetate solution and 4 ml. of 0.2 N acetic acid to a 300-ml. Erlenmeyer flask 
and diluting to the approximate volume of the distillate; then add 1 ml. of 
0.04 per cent. brom-cresol green indicator. A few drops of saturated mer- 
eurie chloride will preserve the buffer from contamination by microorgan- 
isms for at least a month. 

The weight of the original fresh field sample is corrected for the water 
content and the results expressed as the percentage of ammonia, and of 
nitrogen in the air-dry soil. Blank determinations should be run and the 
proper correction applied. Sometimes sufficient carbon dioxide develops 
from the magnesium oxide that it is advisable to boil the filtrate before 
titration. 

IX (B). NITRATE 

The residue remaining in the Kjeldahl flask after the distillation of 
ammonia as described in section [X (A) is made up to 300 ml. with water 
and about 2.5 gm. of powdered Devarda’s alloy added. Because of the 
excessive frothing that may occur, it is advisable to connect the flask to the 
distillation equipment and allow to stand over night before distilling and 
even then the distillation should proceed slowly so that 200 ml. of distillate 
will collect in about 1.5 hours. The distillate is titrated as described in sec- 
tion IX (A) and the results expressed as the percentage of nitrate, and of 
nitrogen, in the air-dry material (18). 
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IX (c). ORGANIC NITROGEN 
The organic nitrogen is calculated by subtracting the sum of ammonia 
and nitrate nitrogen from the total. 


Extracts 
X. WATER EXTRACT 


Shake 100 gm. of the air-dry soil with 500 ml. of water in a 1-liter Erlen- 
meyer flask for 4 hours on the mechanical shaker. Filter on a 9-em. Buch- 
ner filter funnel using a fine filter paper. 

An aliquot of 100 ml. of the filtrate which represents 0.2 of the original 
sample is treated with magnesium oxide for the determination of ammonia 
as described in section [IX (A) and for nitrate as described in section [IX (B). 

An aliquot of 300 ml. is placed in a 1-liter beaker, 10 ml. of concentrated 
hydrochloric acid are added, and then evaporated to dryness on the steam 
bath. Take up the residue with dilute hydrochloric acid (1:3) and filter 
through no. 42 filter paper. Collect the filtrate in a 500-ml. volumetric 
flask and wash the residue with hot water until 500 ml. of filtrate have been 


Water extract 
from air-dry soil 


100 ml. 300 ml. 





| 
Distill with MgO 
| 





| 
| } 
Residue Distillate, 
| NH, (sect. IX A) 
Devarda’s alloy 
NO, (sect. IX B) 
Evaporate to dryness, 
Take up with HCl, 
Bring to 500 ml. 
**Filtrate 1’ 


| 





150 ml. 
150 ml. | 150 ml. 
) : 
Remove Fe group (A) Remove Fe group (A) CaCoO,, 
| evaporate, ignite, 
| take up, filter 
! 
Precipitate Filtrate Precipitate ‘‘Filtrate 2’’ ae | eS 
Fe, Ti, Al, P Na (E) Fe, Ti, Al, P ] 
(NH,).C.0, Filtrate Precipitate 
K (D) P (F) 


‘*Filtrate 3’’ Precipitate 
Ca (B 


(NH,).HPO, 


‘*Filtrate 4’’ Precipitate 
K if desired (D) Mg (C 
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obtained. After cooling, the filtrate is brought back to volume with eold 
water. This solution is designated as ‘‘filtrate 1.’’ One aliquot of 150 ml. 
is freed from the iron group (A) and used for the determination of sodium 
(E). Another aliquot of 150 ml. is freed from the iron group (A) and used 
for the determination of calcium (B), and magnesium (C). A third aliquot 
of 150 ml. is used for the determination of potassium (D) and phosphorus 
(F). This later aliquot is prepared as follows (12) : Add 0.5 gm. of ealeium 
carbonate to the aliquot and evaporate to dryness on the steam bath and 
ignite until the chlorides of iron, aluminum, and magnesium have been con- 
verted into oxides. During the ignition lumps are broken up with a glass 
rod. The ignition is complete when a clear solution is obtained on the addi- 
tion of water. Cool the ignited residue, take up with hot water, and filter. 
The chloride salts of the alkali metals are obtained in the filtrate in which 
the potassium ean be determined by the cobaltinitrite method (D). The 
residue is digested with dilute sulphuric acid and filtered. The residue is 
washed with hot water and the phosphorus determined in the combined 
filtrate and washings by the phosphomolybdate method (F). Each of the 
three aliquots contain 0.18 of the original sample. 


XI. DmutTe Acid EXTRACT 


A sample of 50 gm. of air-dry soil is mixed with 500 ml. of water and 5 
em. of citric acid in a 1-liter Erlenmeyer flask and shaken 24 hours on a 
Dilute acid 


extract from 
air-dry soil 





100 ml. 100 ml. 100 ml. 100° ml. 50 ml. 
| | | 
Evaporate, Evaporate, Evaporate, Evaporate, Evaporate, 
take up in take up in take up in take up in take up in 
HCl HCl HCl HCl HCl 
| Molybdate | | 
Co(NO,)s; P (F) Benzidine Remove Fe 
-3NaNO, S (G) group (A) 
K (D) 
. | | 
Remove Fe group Precipitate Filtrate 
(A) Na (E) 
— i 
| 
Filtrate Precipitate 
Ca (B 


| 
} 


(NH,).HPO, 
| 


Filtrate Precipitate 
Mg (C) 
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mechanical shaker (7). If carbonates are present in a significant quantity, 
an additional equivalent amount of citric acid is used. Filter on a Buchner 
filter funnel. Pipette 100-ml. aliquots into each of 5 beakers. Each aliquot 
contain 0.2 of the original sample. Acidify each aliquot with 5 ml. of 
concentrated hydrochloric acid, evaporate to dryness on the steam bath, and 
gently incinerate to insure the dehydration of silica. The residue is dis- 
solved in dilute hydrochloric acid (1:3), and evaporated to dryness on the 
steam bath. The residue is again taken up with dilute hydrochloric acid 
and filtered. The various ions are then determined as indicated above. 


Carbon 
XII. CARBONATE 


Pulverize the air-dry sample until it passes a 60-mesh sieve so that the 
acid may react with crystals of calcite that may be included among quartz 
erystals. For soils low in carbonate use samples of 10, 25, or 50 gm. 

Arrange an absorption train so that the current of air passes through 2 
scrubbing bottles containing 10 per cent. sodium hydroxide before it enters 
the flask which contains the sample. The air enters the evolution flask 
through a small, stoppered separation funnel. After passing through the 
sample flask, purify the air by first passing through a tower containing a 
suspension of silver sulphate in a 5 per cent. sulphuric acid solution, then 
through concentrated sulphurie acid, and finally through a tube of Des- 
sichlora or Anhydrone. The carbon dioxide is absorbed by Asearite in a 
Fleming absorption bulb. The drying chamber of the absorption bulb 
should contain the same drying agent that was used in the tower preceding 
the Fleming bulb. Finally, the air is passed through a sulphurie acid tower 
to protect the Fleming bulb from moisture and back pressure. 

Add the sample to the Erlenmeyer evolution chamber and draw air 
through the system for 5 minutes. Weigh the Fleming bulb and replace it 
in the train. Close the stopcock of the separation funnel, disconnect its 
stopper from the train and place 60 ml. of 10 per cent. hydrochloric acid 
containing 5 per cent. of stannous chloride. Connect the stopper of the 
separation funnel with the absorption train and apply suction to the system. 
Slowly open the stopeock and allow the acid mixture to run into the evolu- 
tion flask. Aerate and agitate for 1 hour with an air current of 3 to 4 
bubbles per second. 

When soils have been treated with magnesite or dolomite, when they 
have been derived from a magnesite parent rock, or when it is from glaciated 
areas which contain considerable quantities of transported dolomite, it may 
be necessary to apply heat after the initial evolution of carbon dioxide has 
subsided. When the heat-evoked evolution has subsided, remove the heat 
and continue the agitation and aeration for 20 min. 
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Reweigh the absorption bulb and report the carbonate carbon as carbon 
dioxide or carbon (1). 


XIII (A). ORGANIC CARBON COMBUSTION PROCEDURE 


Arrange a combustion train so that the stream of oxygen passes through 
two towers containing 10 per cent. potassium hydroxide, through a mereury 
safety valve, and then into the combustion tube over the boat containing the 
sample (1). There follows, within the furnace, an 8-inch core of loosely 
packed platinized asbestos. On leaving the combustion tube, the gas passes 
through a tower of concentrated sulphuric acid, a tower of 40-mesh granu- 
lated zinc, a tube of Dessichlora or Anhydrone, a Fleming absorption bulb 
containing Ascarite, and finally a Fisher bubble counter containing sulphurie 
acid as a protection against back pressure and water vapor. The drying com- 
partment of the Fleming bulb should contain the same dehydrating agent that 
preceded the Ascarite in the train. An asbestos-filled copper coil with a wire 
handle is placed in each end of the combustion tube to protect the rubber 
stoppers from the heat of the furnace. 

Bring the furnace to a temperature of 900° to 950° C. Adjust the flow 
of oxygen from the cylinder by a needle valve and after 10 min. weigh the 
Fleming bulb. Weigh 2 gm. of air-dry soil, mix with 2 gm. of finely 
divided potassium dichromate, place in an alundum boat, and place within 
the heated zone of the combustion tube. Aerate with an oxygen stream for 
about 4 hours. Reweigh the Fleming bulb and calculate the increase in 
weight due to carbon dioxide in terms of total carbon or as organie carbon 
by subtracting the carbonate carbon determined by the procedure described 
in section XII. 

XIII (8). TrtTRaATION PROCEDURE 


The air-dry sample is ground in a mortar until it passes a 100-mesh 
sieve. Iron or steel mortars must not be used. Place a sufficient amount of 
the sample to contain 10 to 25 mg. of carbon in a 300-ml. Erlenmeyer flask. 
Add 10 ml. of standard N potassium dichromate from a burette, and follow 
with 20 ml. of concentrated sulphuric acid. Shake for 1 minute, cool, and 
dilute to about 150 ml. Add 5 gm. of sodium fluoride. Titrate the remain- 
ing chromic acid with standard 0.4 N ferrous ammonium sulphate. One ml. 
of 3 per cent. diphenylamine is used as an indicator. If the end point is 
passed, the solution may be back titrated with the standard potassium 
dichromate . 

Since only about 76 per cent. of the carbon is accounted for by the 
observed reduction of the chromic acid, a correction factor of 1.32 must be 
applied. One ml. of normal potassium dichromate equals 1.32 x 3.0=4.0 
mg. of carbon. Report as total carbon or as organic carbon by subtracting 
the carbonate carbon determined as described in section XII. This pro- 
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cedure is of limited accuracy and it should not be used except for rough com- 
parisons of carbon content (16). 


XIV. Loss on IGNITION 


Weigh about 2 gm. of the air-dry soil into a porcelain or platinum eru- 
cible and dry at 100° C. for 24 hours; weigh and ignite to redness, with 
occasional stirring, for 4 hours. When considerable amounts of carbonate 
are present, cool, moisten with a saturated solution of ammonium carbonate ; 
dry and heat to 200° C. for 30 min. Cool in a desiccator and report the 
loss in weight as organic matter in the oven dry soil (1). 


Analytical procedures 
A. REMOVAL OF IRON GROUP 


Add ammonium hydroxide, drop by drop, to the acidified solution until 
the precipitate which forms requires several seconds to dissolve. The am- 
monium hydroxide must be free from carbonates. The solution should 
remain faintly acid. Heat nearly to the boiling point and add ammonium 
hydroxide to a slight excess. The precipitate, which consists of iron, 
aluminum, titanium, phosphorus, ete., is boiled for a few minutes in a cov- 
ered beaker to expel excess ammonia and to coagulate the gelatinous precipi- 
tate. <A slight amount of ammonia must be present, and if no odor of 
ammonia can be detected, add a small amount drop by drop. Do not allow 
the precipitate to settle, but stir and pour on a filter; wash with hot water. 
Return the precipitate and the filter paper to the original beaker ; macerate 
the filter paper with a stirring rod and make ihe volume up to approxi- 
mately 150 ml. Dissolve the precipitate with a few drops of dilute hydro- 
chloric acid and reprecipitate with ammonium hydroxide as described above. 
The combined filtrates and washings from the 2 precipitations may be used 
for the determination of calcium, magnesium, sodium, and potassium. 


B. DETERMINATION OF CALCIUM 


The filtrate and washings obtained after the removal of the iron group 
is made slightly ammoniacal if not already so (9). Heat to boiling, and 
add hot 4 per cent. ammonium oxalate with constant stirring until no more 
precipitate forms. There should be an excess of ammonium oxalate present. 
Boil for 2 min., cover with a watch glass, and digest on the steam bath for 
4 hour; cool for 2 hours. Filter and wash with 5 successive portions of 10 ml. 
of cold, neutral, saturated calcium oxalate (3). The filtrate and washing 
from the oxalate precipitation are preserved for the determination of mag- 
nesium as described in section C. Wash the oxalate precipitate through the 
filter paper with hot 2 N sulphuric acid and the oxalic acid is titrated with 
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standard 0.1 N potassium permanganate. Each ml. of 0.1 N potassium per- 
manganate is equal to 0.002 gm. of calcium. 


C. DETERMINATION OF MAGNESIUM 


VOLUMETRIC PROCEDURE.—The determination of magnesium may be ear- 
ried out on an aliquot of 100 ml. of the original acidified stock solution of 
the unknown prepared for analysis from the soil extract and freed from the 
iron group as described in section A or on the combined filtrate and wash- 
ings obtained from the calcium precipitation described in section B. 

Add 5 ml. of concentrated hydrochloric acid and methyl red indicator. 
Dilute to 150 ml. and add 10 ml. of a saturated solution of diammonium 
hydrogen phosphate. Add ammonia of specific gravity 0.88 slowly with 
constant stirring until the solution is neutral. Continue stirring for about 
5 minutes, and then add an additional 5 ml. of ammonia and continue 
stirring for about 10 min. Allow to stand for at least 4 hours or preferably 
over night. Filter, and wash with ammonia solution which contains 3 to 5 
per cent. by volume of ammonia. In some instances it may be desirable 
to determine potassium at this point in which case the filtrate and 
washings from the ammonia precipitation should be preserved. Transfer 
the precipitate to a dry 12.5-em., no. 42 filter paper and allow the bulk of 
the moisture to be absorbed. After 3 to 5 min. transfer the precipitate to a 
second filter paper for additional drying. In some instances, a third drying 
will be necessary. Preserve the filter papers that have been used to dry the 
precipitate and allow to dry at room temperature or place them on the grat- 
ing of a drying oven at a temperature of 50° to 60° C. After 15 to 20 min. in 
the oven or 45 min. in the air, transfer the filter papers and the precipitate 
to a 400-ml. beaker. Add standard 0.1 N sulphuric acid in a known amount 
until the papers are disintegrated and the precipitate is dissolved. Add 2 
drops of a 0.1 per cent. alcoholic solution of methyl] orange. If the solution 
is only faintly pink, add 5 ml. of standard 0.1 N sulphuric acid. Dilute to 
about 100 ml. and titrate with standard 0.1 N sodium hydroxide until the 
appearance of a clear yellow color (8). 

One ml. of N/10 sulphuric acid = 0.0024 gm. of Mg. 

GRAVIMETRIC PROCEDURE.—Concentrate the combined filtrate and wash- 
ings obtained from the calcium precipitation described in section B on the 
steam bath to about 100 ml. and add cautiously 20 to 30 ml. of nitrie acid. 
Evaporate to dryness, cover the beaker with a watch glass and gently ignite 
on a hot plate to remove the ammonium salts. Add 5 ml. of concentrated 
hydrochloric acid and evaporate nearly to dryness. Dissolve the residue 
with hot water and a small quantity of hydrochloric acid. If necessary, 
filter and wash the filter paper with about 100 ml. of hot water. Precipitate 
the magnesium as magnesium ammonium phosphate by the addition of 3 
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ml. of a 10 per cent. solution of ammonium phosphate. Add ammonia until 
the solution is slightly alkaline. Stir vigorously; allow to stand 15 min. 
Add 15 ml. of ammonia and let stand over night. Filter and wash the 
precipitate with dilute ammonia (1:9). Transfer the filter paper and the 
precipitate to a weighed crucible, moisten with ammonium nitrate, dry, and 
ignite. Cool in a desiccator and weigh as Mg,P.0,;. 

Weight of Mg.P.0, x 0.21843 = gm. of Mg. 


D. DETERMINATION OF POTASSIUM 


VOLUMETRIC PROCEDURE.—The aliquot for analysis should contain between 
2 and 15 mg. of potassium in a neutral aqueous solution of 10-ml. volume. 
Add 1 ml. of 1 N nitric acid and 5 ml. of trisodium cobaltinitrite solution 
(1 gm. of trisodium cobaltic nitrite in 5 ml. of water), mix, and allow to stand 
for 2 hours at a temperature of about 20° C. Filter in a porous-bottomed 
porcelain crucible, using 0.01 N nitric acid in a wash bottle to make the 
transfer. Wash 10 times with 2 ml. portions of the 0.01 N nitric acid. Wash 
the precipitate into a 250-ml. beaker, place the crucible in the beaker, and 
make to about 100 ml. with water. Add 20 ml. of 0.5 N sodium hydroxide 
and boil for 3 min. Withdraw into another beaker a slight excess of 0.05 N 
standard potassium permanganate, make to 50 ml. with water, and add 5 ml. 
of concentrated sulphuric acid. Pour the hot potassium cobaltinitrite solu- 
tion into the cold potassium permanganate solution, transfer the crucible 
and wash the beaker with a small amount of water. Add an excess of 0.05 
N standard sodium oxalate solution, heat to boiling, and complete the titra- 
tion with potassium permanganate. Ml. of KMnQO, normality of KMnO, 
x 7.1084 = mg. of K in sample (17). 

GRAVIMETRIC PROCEDURE.—This procedure requires the potassium salt to 
be present in a concentration of about 1.5 per cent. in respect to potassium 
(6). <A hot solution of the potassium salt in 15 to 25 ml. of water is treated 
with 25 to 40 ml. of saturated sodium 6-chloro-5-nitro-m-toluenesulphonate. 
Boil gently for at least 5 min. or until the precipitate dissolves. Add more 
water if necessary. Let stand for 24 hours at room temperature and filter 
on a weighed Gooch filter or a sintered glass filter G4. Wash the precipitate 
with 2 to 3 times its weight of water. Dry to constant weight at 110° C. 

If the original sample contains much sodium or other metallie ions, it is 
advisable to wash the precipitate with a few ml. of a solution of the saturated 
sulphonate solution rather than with water. 


The factor for potassium is 0.1347 times the sulphonate precipitate. 

GRAVIMETRIC PROCEDURE AS POTASSIUM CHLOROPLATINATE.—An ammonium 
chloride-potassium chloroplatinate solution is prepared by dissolving 100 
gm. of ammonium chloride in 500 ml. of water, and adding 5 to 10 gm. of 
pulverized potassium chloroplatinate and shaking at intervals for 6 to 8 
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hours. Allow the mixture to settle over night and filter. The residue is 
preserved and used for the preparation of a fresh supply. 

One hundred ml. of the solution from either a dilute acid extract or a 
total replaceable base determination must be made free from ealeium (1). 
The solution is heated in a 250-ml. volumetric flask and a slight excess of 
ammonium hydroxide is added; add saturated ammonium oxalate until the 
precipitation is complete. Cool, dilute to volume, and filter through a dry 
filter paper. Place a 50-ml. aliquot of the filtrate in a Sillimanite evaporat- 
ing dish and bring nearly to dryness. Add 1 ml. of 50 per cent. sulphurie 
acid, evaporate to dryness, and ignite to whiteness at a dull red heat. Cool, 
dissolve in hot water, add 0.5 ml. of 50 per cent. hydrochlorie acid and then 
an excess of chloroplatinic acid. Evaporate on the steam bath to a thick 
paste. Avoid exposure to ammonia fumes. Treat with successive 10-ml. 
portions of 80 per cent. ethyl alcohol, and decant on a weighed Gooch eru- 
cible. Continue the washing until the alcoholic filtrate is colorless. Then 
wash the precipitate successively 5 or 6 times with 10-ml. portions of the 
ammonium chloride-potassium chloroplatinate solution. Wash finally with 
several portions of 80 per cent. alcohol. Dry the precipitate for 30 minutes 
at 100° C. and report as K or as K,O. The factor for K is 0.16085, that for 
K,O is 0.19376. 


E. DETERMINATION OF SODIUM 


The uranyl zine acetate reagent is prepared in 2 parts. Part A is pre- 
pared by adding 10 gem. of uranyl! acetate, and 6 gm. of 30 per cent. acetic 
acid to 49 gm. of water. Part B is made by adding 30 gm. of zine acetate 
and 3 gm. of 30 per cent. acetic acid to 32 gm. of water. After solutions 
have been attained by warming, mix them together and allow the solutions 
to stand 24 hours. Filter to remove the precipitate of uranyl zine sodium 
acetate. The filtrate is saturated with the triple salt due to the sodium 
unavoidably present in the reagents. If the reagent is stored in Pyrex, it 
will remain clear for long periods (2). 

An aliquot of 1 ml. of the original stock solution of the unknown is 
freed from the iron group by the procedure described in section A. The 
aliquot should not contain more than 8 mg. of sodium. Add 10 ml. of the 
uranyl! zine sodium acetate reagent, stir and let stand for at least 30 min. 
Filter by suction through a sintered glass crucible weighed without being 
heated, and wash 5 to 10 times with 2-ml. portions of the uranyl] zine acetate 
reagent. After each washing, remove the reagent as completely as possible 
by washing with 2-ml. portions of aleohol which has been saturated with 
uranyl zine sodium acetate. Finally, wash well with ether, and free the 
precipitate from ether by suction. Allow the crucible to stand at room 
temperature for 10 min. or longer. The precipitate has the composition 


2 Solution containing 0.2 gm. metallic platinum or 0.42 gm. H,PtCl, per 10 ml. 
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(UO,),ZnNa(CH,COO),:-6H.O. The chemical factor for sodium is 
0.01495. 

If the unknown contains more than 50 mg. of potassium per ml., potas- 
sium uranyl! zine acetate will be precipitated. This difficulty may be over- 
come by dissolving 1 gm. of the sample in 5 ml. of water and then adding a 
hot solution consisting of 2 gm. of ammonium perchlorate and 3 ml. of 
water. Then add 25 ml. of 95 per cent. ethyl alcohol ; cool and filter. Wash 
5 times with 2-ml. portions of 95 per cent. alcohol. Evaporate the filtrate 
to dryness on the steam bath. Dissolve the residue in 1 ml. of water and 
proceed with the determination of sodium as described above. 


F. DETERMINATION OF PHOSPHORUS 


VOLUMETRIC PROCEDURE.—The ammonium molybdate reagent is pre- 
pared by dissolving 100 gm. of molybdie acid in a mixture of 144 ml. of 
concentrated ammonia and 271 ml. of water. Pour this molybdate mix- 
ture slowly with constant stirring into a mixture of 489 ml. of concentrated 
nitric acid and 1148 ml. of water. Store in a warm place for several days. 
This reagent improves with age and it is advisable to prepare at one time a 
sufficient quantity to last for several months. The solution should not be 
used until it has stood long enough that a portion heated to 40° C. deposits 
no yellow precipitate. After long standing, decant the supernatant liquid 
and store in a glass-stopped bottle. Just before using, add 5 ml. of conecen- 
trated nitric acid to each 100 ml. of reagent and filter. 

The standard sodium hydroxide may be prepared by diluting 323.81 ml. 
of standard 1 N alkali, free from carbonate, to 1 liter. An aliquot of 100 
ml. should neutralize 32.38 ml. of standard 1 N acid. The standard acid is 
prepared by titrating with the standard alkali. 

The solution to be analyzed should contain about 0.02 gm. of P.O; (1). 
Transfer the unknown solution to a 300-ml. Erlenmeyer flask, add 5 to 10 
ml. of concentrated nitric acid, and then add concentrated ammonia until 
the precipitate which forms dissolves slowly with vigorous stirring. Dilute 
if necessary to 75 to 100 ml. and bring to a temperature of 25 to 30° C. Add 
sufficient ammonium molybdate reagent to insure complete precipitation of 
the phosphorus. Shake on the mechanical shaker for 30 min. Decant 
through a sintered glass filter. Wash the precipitate twice with 25- to 30-ml. 
portions of water by agitating thoroughly and allowing the precipitate to 
settle. Finally transfer the precipitate to the filter and wash with cold 
water until the filtrate from 2 fillings of the filter yields a pink color with 
the phenolphthalein indicator when 1 drop of the standard alkali is added. 
Transfer the precipitate and filter into a 400-ml. beaker. Dissolve the pre- 
cipitate with a measured volume of 0.3238 N standard alkali and titrate the 
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excess alkali with standard 0.3238 N acid using phenolphthalein as the indi- 
eator. 

Each ml. of 0.3238 N alkali used in dissolving the precipitate equals 1 mg. 
of P.O;. 

COLORIMETRIC PROCEDURE.—The ammonium molybdate-sulphurie acid re- 
agent is prepared by dissolving 25 gm. of ammonium molybdate in 200 ml. 
of water. Heat to 60° C. and filter. Dilute 280 ml. of concentrated sul- 
phuric acid to 800 ml. When both solutions are cool, add the ammonium 
molybdate to the sulphuric acid slowly with constant shaking. Cool and 
dilute to 1000 ml. This final solution is 10 N in respect to sulphurie acid 
and contains 2.5 gm. of ammonium molybdate per 100 ml. 

The stannous chloride solution is prepared by dissolving 25 gm. of 
stannous chloride (SnCl,-2H,0) in 1000 ml. of 10 per cent. solution by 
volume of hydrochloric acid. Filter if necessary. Store in a bottle and 
protect the solution from the air with a layer of white mineral oil 5 mm. 
thick. The reagent should be removed in drops through a siphon closed 
with a glass stop-cock. 

A standard phosphate solution is prepared by dissolving 0.2195 gm. of 
potassium dihydrogen phosphate in water and diluting to 1000 ml. This 
solution contains 50 p.p.m. of phosphorus. Dilute 50 ml. of this solution 
to 500 ml. to obtain the final stock solution containing 5 p.p.m. The stand- 
ard colorimetric phosphate solutions are prepared by adding 5 ml. of stock 
solution to 95 ml. with water in a 150-ml. Erlenmeyer flask, adding 4 ml. 
of the ammonium molybdate-sulphurie acid solution and 6 drops of the 
stannous chloride reagent. Shake and dilute to 100 ml. The final solution 
contains 0.25 p.p.m. of phosphorus. For the determination of very small 
amounts of phosphorus, use 2 ml. in place of 5 of the stock phosphate solu- 
tion. The resulting colorimetric standard contains 0.1 part per million of 
phosphorus. After standing 10 to 12 min., the color of the standard solution 
begins to fade. Then another drop of stannous chloride reagent will pre- 
serve the color for an additional 10 to 12 min. 

Aliquots of the water extract of soils may be treated with the reagents 
directly unless they are colored, turbid, or decidedly acid or alkaline. Color 
and turbidity should be removed by appropriate means, and the reaction 
adjusted to neutrality before the reagents are added. In all cases, 4 ml. 
of the ammonium molybdate-sulphuric acid reagent and 6 drops of the 
stannous chloride reagent are added to an appropriate aliquot of the un- 
known and the color compared with the standard within 10 min. A corree- 
tion is made for the dilution by the reagents (17). 


G. DETERMINATION OF SULPHUR 


VOLUMETRIC PROCEDURE.—An aliquot of the soil extract containing 0.05 
to 2.0 mg. of sulphate is pipetted into a 30-ml. Pyrex beaker (10). Silica 
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and porcelain dishes occlude some of the sulphate and are therefore unsuit- 
able. Add 0.5 ml. of concentrated nitric acid and evaporate to dryness on 
the steam bath. Moisten the residue with a few drops of nitrie acid and 
again evaporate to dryness on the steam bath. Heat the dish and the residue 
in an electric oven at 400° C. for about 1 hour. The use of gas flames must 
be avoided since sulphur in the gas introduces positive errors. Cool, moisten 
with a few drops of nitric acid, and evaporate to dryness on the steam bath. 
Add 2 ml. of water and 1 drop (0.05 ml.) of 0.1 N hydrochlorie acid to the 
residue. Warm gently on the steam bath and transfer to a tapered, gradu- 
ated, 10-ml. centrifuge tube. Rinse the beaker 3 times with 0.5 ml. of water 
and make up the contents of the centrifuge tube to 4 ml. Add 1 ml. of the 
freshly prepared benzidine hydrochloride solution. The benzidine hydro- 
chloride solution is prepared by dissolving 8 gm. in 1 liter of water and 
filtering. After 5 min., place the tube in a mixture of crushed ice and 
water for 10 min. Centrifuge for 5 min. at 3000 r-p.m. Decant the super- 
natant liquid, and wash the residue with 5 ml. of 80 per cent. alcohol. 
Again centrifuge for 5 min., decant, wash a second time with 80 per cent. 
alcohol, and centrifuge. Pour off the supernatant liquid and drive off the 
remaining aleohol by placing the tube in a beaker of hot water. Add 5 
ml. of a 0.5 per cent. solution of potassium hydroxide. After the precipitate 
has dissolved, transfer the contents of the centrifuge tube to a 125-ml. 
Erlenmeyer flask. The tube should be rinsed 4 times with 5 ml. of water. 
Add 1 ml. of concentrated sulphuric acid and heat on the steam bath. 
When the solution is hot, add standard 0.05 N potassium permanganate 
from a burette until the apparent end point is reached. Add an excess of 
25 per cent. of the volume used, and then an extra 1 ml. Heat the solution 
on the steam bath for 10min. Add 2.0 ml. of 0.05 N sodium oxalate. When 
the precipitated manganese has dissolved, complete the titration with stand- 
ard permanganate. 

The total ml. of 0.05 N potassium permanganate used less 2 and multi- 
plied by 0.118 gives the mg. of sulphate present. 

GRAVIMETRIC PROCEDURE.*—Evaporate a 100-ml. aliquot nearly to dry- 
ness on the water bath to expel the excess of acid; add 50 ml. of water, heat 
to boiling, and add drop by drop 5 per cent. BaCl. solution until no further 
precipitation oceurs. Continue the boiling for about 5 min. and allow to 
stand in a warm place over night. Decant the liquid on the filter. Wash 
the precipitate with 15 to 20 ml. of boiling water, transfer to the filter 
(paper no. 42) and wash free from chlorides with boiling water. Ignite, 
and weigh as BaSQ,. 

BaSO, x 0.13735 = 8. 





3 Association of Official Agricultural Chemists. Methods of Analysis. 1916. 
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Preparation of indicators for volumetric analysis 


Brom-cresol green: Grind 0.1 gm. of the dye in an agate mortar with 
1.43 ml. of 0.1 N sodium hydroxide. Dilute to 250 ml. which gives a 0.04 
per cent. solution. 

Brom-phenol blue: Grind 0.1 gm. of the dye in an agate mortar with 1.49 
ml. of 0.1 N sodium hydroxide, and dilute to 250 ml. which gives a 0.04 per 
cent. solution. 

Cochineal ;: Digest 3 gm. of pulverized cochineal in a mixture of 50 ml. of 
95 per cent. alcohol and 200 ml. of water for 2 days at room temperature 
with frequent shaking, and filter. 

Methy! orange: Dissolve 0.1 gm. of methyl orange in a small quantity of 
alcohol and dilute to 100 ml. with 50 per cent. by volume alcohol. 

Methyl red: Grind 0.1 gm. of methyl red in an agate mortar with 3.7 
ml. of 0.1 N sodium hydroxide and dilute to 100 ml. with water. The solu- 
tion may also be prepared by dissolving 0.1 gm. of the dye in 100 ml. of 95 
per cent. alcohol. 

Phenolphthalein : Dissolve 0.5 gm. of the dye in 50 ml. of 95 per cent. 
alcohol and dilute with shaking to 100 ml. with water. 

Brom-thymol blue: Grind 0.1 gm. of the dye in an agate mortar with 
1.60 ml. of 0.1 N sodium hydroxide. Dilute to 250 ml. which gives a 0.04 per 
cent. solution. 
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SIGNIFICANCE OF PHLOEM EXUDATE OF CUCURBITA PEPO 
WITH REFERENCE TO TRANSLOCATION OF ORGANIC 
MATERIALS' 


Bruce J. COOIL 


(WITH TWO FIGURES ) 


Introduction 


The green leaves of plants are the major loci of carbohydrate synthesis. 
Materials necessary for vegetative growth, fruit development, and storage 
of reserves must be moved from the leaves. That this movement occurs in 
the phloem has become a matter of general acceptance (9, 22). Considera- 
tions of the forms of carbohydrate which may account for movement have 
been restricted largely to the hexoses, glucose and fructose, and the disae- 
charide sucrose. Mason and MAskeuyi (19) found sucrose to be higher in 
concentration in the inner bark of the cotton plant than in the outer bark. 
Sucrose also showed a greater response to ringing than did reducing sugars. 
From such considerations as well as concentration gradients, they concluded 
that sucrose was the principal mobile form in cotton. More recently ENGARD 
(12) in a study of the carbohydrate translocation of the Cuthbert raspberry 
concluded that sucrose serves essentially as a translocatory form and that 
reducing sugars are also mobile. CLEMENTs (1) found reducing sugars 
more abundant than sucrose in the petioles of sunflower, soybean, and 
potato. Furthermore, sucrose was at times absent from the petioles when 
translocation was occurring. 

The mechanism responsible for transport in the phloem has been a sub- ~ 
ject for much conjecture. Reviews of this subject have recently been pre- 
sented by Curtis (9), Mason and Puiuuis (22) and Crarrs (7). At pres- 
ent there are two widely differing schools of thought. Crarrs (8) has di- 
vided them as follows: ‘‘ (1) Those who attribute rapid diffusional movement 
of solute molecules to a specialized activity of the sieve tube protoplasm and 
(2) those who picture a flow of solution through perforate or permeable ele- 
ments resulting from a gradient of hydrostatic pressure developed osmoti- 
eally.”’ Exudation of material from cut stems of cucurbits has been consid- 
ered strong evidence for the latter. Crarrs (3, 4, 5, 6, 7, 8) has presented 
this argument fully. Mason, MASKELL, and PHILuis (20) have pointed out 
that whatever the pressure gradient in the intact stem may be, at the moment 
of cutting, it is opposed only by atmospheric pressure. Thus, the pressure 
eradient across the cut end is enormous. Crarts (6, 7) now recognizes that 
the flow produced by cutting is very largely caused by a sudden destruction 

1 Published with the permission of the Director, as Technical Paper no. 67, of the 
Hawaii Agricultural Experiment Station. 
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of a pressure equilibrium between xylem and phloem systems. That flow 
may be induced to continue by repeatedly removing thin slices of the stem, is 
taken to indicate establishment of a new equilibrium between xylem and 
phloem systems. He thinks that this equilibrium is analogous to one existing 
in the intact plant which causes a normal flow of solution. It might be 
pointed out, however, that the flow obtained by repeated eutting may be 
largely caused by the maintenance of a zero turgor pressure for the phloem 
at the cut end. There seems to be no evidence that a condition analogous to 
this occurs in the unsevered plant. According to calculations by Mason, 
MASKELL, and Puiuis (20) the sieve plates alone would not offer too great a 
resistance to flow, if they are normally open. Yet microscopic observations 
show the pores to be filled with cytoplasm. Consequently, Crarrs (6, 7, 8) 
maintains that the ‘‘ pressure flow’’ proceeds through the phloem as a whole, 
walls and lumina as well. Upon cutting the cucurbit stem, however, the 
only internal evidence of any flow under pressure is slime-plug formation 
at the sieve plates. Does this not indicate that the exuded material comes 
from the sieve tube lumina and has been forced through the sieve plates? 

The mass-flow hypotheses postulate a high turgor pressure gradient in 
the phloem. It is thought that removal of osmotically active materials from 
solution in regions of storage or utilization might maintain an osmotic gra- 
dient in the system. Huser, et al. (14) find positive concentration gradi- 
ents in exudate from a number of trees. Crarts (4) presents data showing 
gradients in the osmotic pressure of phloem exudate from cucurbits. It has 
not been positively demonstrated, however, that an osmotic gradient exists 
in the phloem or in the sieve tube system. Curtis and Scorrenp (10) found 
higher osmotie values in receiving organs than in supplying organs. This 
would appear not to substantiate the idea that an osmotic gradient is main- 
tained by removal of osmotically active materials from solution in receiving 
organs. 

MANGHAM (17, 18), appreciating the significance of plasmodesmata in 
affording continuity of protoplasm throughout the plant, considered that 
sugars moved on colloidal surfaces. CLEMENTS (2) has suggested ‘‘. . . that 
surface forces kept active by the respiration of living substances are at 
play. 


9? 


That respiration may play an important role is indicated by 
the apparent necessity of oxygen for transport (21). An hypothesis that 
movement proceeds along a diffusion pattern is presented by Mason and 
Puiuuis (21, 22). Evidence has been given that actual movement occurs 
at a rate of the order of 40,000 times greater than can be accounted for by 
simple diffusion through water (19). They suggest that ‘‘. . . in the sieve 
tube the cytoplasm as a whole is activated by metabolic energy and that it 
behaves as a liquid with diffusion constants enormously greater than those 
in water, .. .”’ (23). 
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Since vegetative growth as well as storage necessitates translocation of 
carbohydrate from leaves, it is apparent that the quantity and the direction 
of the major movement are dependent upon the state of metabolism of the 
plant. Kraus and Kraysi (15) first demonstrated that vegetative and 
reproductive growth are conditioned by carbohydrate and nitrogen contents. 
Many chemical studies have followed dealing with relative carbohydrate and 
nitrogen contents of many plants under a great variety of conditions. From 
this wealth of material, it has developed that no trustworthy picture of the 
metabolic state of plants may be obtained solely from their carbohydrate 
and nitrogen contents; but when these are considered relative to type of 
growth, plant vigor, leaf color and environmental conditions, they assume 
a real significance. Furthermore, as NIGHTINGALE (24) has made clear, 
extremes of nitrogen deficiency on the one hand and of carbohydrate de- 
ficiency on the other have been repeatedly demonstrated to be associated 
with their respective types of plant response. 

Plants in a growing vegetative condition move growth materials to meri- 
stems. For such plants organic nitrogen synthesis is the dominant phase 
of metabolism. Carbohydrates and their derivatives are here utilized rap- 
idly in the formation of amides, amino acids, and proteins, and in respiration 
attending synthesis of organic nitrogen from nitrates. Clearly, in such 
vigorous plants, utilization and therefore translocation of carbohydrates is 
rapid. On the other hand, as plants attain a balanced fruiting condition, 
vegetative growth and the carbohydrate demand associated with it diminish ; 
instead, carbohydrates and their derivatives are moved to fruits and are 
utilized in fruit growth and storage. Plants deficient in nitrogen cease 
fruit development as well as vegetative growth, and carbohydrate consump- 
tion and movement is much reduced. 

The present investigation concerns cucurbit plants in three distinct 
metabolic categories: (1) young plants in a strongly vegetative condition, 
low in carbohydrate content; (2) older plants in a balanced fruiting condi- 
tion, deficient neither in carbohydrates nor in nitrogen; (3) fruiting plants 
of the same age as (2) but deficient in nitrogen. Observations of conditions 
of growth and environment as well as chemical analyses of leaf tissue and 
phloem exudate were made with the view of determining: (1) the extent 
to which phloem exudate represents sieve tube contents ; (2) the forces active 
in causing exudation; (3) some information relating to the mechanism 
involved in phloem transport. 


Materials and methods 


CULTURE 


The Early Bush Scallop variety of Cucurbita pepo was used in these 
studies. The plants were grown in a greenhouse in water culture and sup- 
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plied with forced aeration. The composition of the nutrient solution was 
as follows: KH,PO,, 0.0050 M; Ca(NO,)., 0.0100 M; MgSO,, 0.0050 M; 
MnS0O,, 1.0 mg./l.; H,BO,, 0.5 mg./l.; FeSO,, 5.0 mg. /1. 

Beginning with the second week, the solutions were changed weekly. 
Additional iron was added during the week as needed. The pH of the 
solution was maintained within the range of brom-cresol green (3.8—5.4) 
by addition of normal H.SOQ,. 

Ninety seedlings were planted in thirty 2-gallon glazed crocks on Janu- 
ary 14, 1939. On February 11, the series A collections were made from 
sixty of the most uniform plants. On February 18, thirty of the most 
vigorous plants were selected and placed in separate crocks. These were 
then divided into two treatment groups: in one group nitrate was applied 
as previously; in the other, nitrate was reduced to 0.0018 M concentration, 
and on February 26, excluded entirely. 

In each case calcium nitrate was replaced by equimolar concentrations 
of calcium chloride to maintain the calcium content as well as the osmotic 
pressure. The series B collections were made on March 5. 

A second study using this procedure was carried out during the summer 
of 1939. The results from this study are in general harmony with those 
from the winter study. For this reason, data from the plants grown in the 
summer will be reported only in a supplementary manner to present addi- 
tional information and points of difference. 


METHODS OF COLLECTING 


The plants used are characterized by short, stout stems and large leaves 
with long petioles. The petioles afforded the most convenient material for 
collection of exudate and were thus used exclusively in this study. 

At the time of the series A collection, the plants had 5 to 6 fully ex- 
panded leaves. Two leaves were selected from each plant on the basis of 
petiole length, blade size, and color. Only one leaf from each plant was 
used in a given collection. 

On the day previous to the series B collections, 5 plants from the plus- 
nitrogen group and 8 from the minus-nitrogen group were selected. Six 
mature vigorous leaves were selected from each plant. To limit photosyn- 
thesis to the blades, the petioles of the selected leaves were covered with 
black paper. <A single sample consisted of material from two petioles from 
each of 5 plants. Samples were collected from the series A group at five 
times during the day; from the series B plus-nitrate group three times, and 
from the series B minus-nitrate group four times. The greenhouse atmos- 
phere ranged between 71° F. and 91 per cent. relative humidity before 
sunrise to 83°-84° F. and 81 per cent. humidity at noon on each of the two 
days when collections were made. 
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The technique employed in collecting the exudate is that described by 
Crarts (4). Weighed vials (50x 20 mm.) were used. Only that exudate 
which flowed in the first minute after cutting was collected. Collection in 
each case was made from the portion of the petiole remaining attached to 
the plant. Exudate was obtained from two portions of each petiole: the 
‘upper petiole,’’ one centimeter from the leaf blade; and the ‘‘lower peti- 
ole,’’ five centimeters from the stem attachment. The exudate obtained 
from 10 to 14 ‘‘upper petiole’’ segments was combined and comprised one 
sample. The exudate obtained from the ‘‘lower petioles’’ comprised a sepa- 
rate sample. The time necessary for one collection varied from thirty 
minutes toan hour. The vials were tightly stoppered as soon as a collection 
was completed. 

The samples for tissue analysis consisted of: (1) the ‘‘upper petiole,’’ 
the segment extending from 2 to 14 em. below the blade; (2) the ‘‘lower 
petiole,’’ extending from the petiole base to 6 em. above it; and (3) the 
blade. During the collection cut tissue was kept under a moist cloth. 


Analytical methods 
TISSUE 


In the laboratory the plant tissue was quickly weighed and sliced. Fif- 
teen- to thirty-gram fresh samples were killed in a volume of 95 per cent. 
boiling alcohol previously calculated to make the final concentration 75 per 
cent. In the case of the blades, additional 75 per cent. alcohol was added 
to cover the tissue. Extraction of soluble material was accomplished by 
decantation (16). Alcohol was removed from 100 to 200 ml. of the extract 
on a hot plate. Calcium carbonate was added to prevent acid hydrolysis 
of sucrose. The material was clarified with a slight excess of lead acetate 
and filtered. Excess lead acetate was precipitated with dry disodium phos- 
phate. Aliquots of 25 ml. of cleared extract were made acid to methyl red 
with 10 per cent. acetic acid and treated with two drops of a fresh 0.5 per 
cent. solution of invertase scales. After 20 hours, reducing material present 
was determined as an estimate of total sugars. Total sugars and reducing 
sugars were estimated by the method of Stmes, PETERSON, and Frep (27). 
Sucrose was obtained by difference. The nitrate present in the same extract 
was estimated by the phenoldisulphonic acid method (25). Total soluble 
material was estimated by drying aliquots of the alcohol extract at 65°- 
70° C. The residue from the alcohol extract was also dried at 65°-70° C. 
and weighed. Insoluble nitrogen was determined in duplicate weighed ali- 
quots of the dried and powdered residue by the micro-Kjeldahl method of 
Preet (26). Eight drops of 30 per cent. hydrogen peroxide were added 
at intervals during the digestion. Protein was estimated by multiplying 
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the milligrams of nitrogen obtained by 6.25. Qualitative tests for starch 
were made with an iodine solution. 


EXUDATE 


The fresh weight of the exudate was obtained by difference immediately 
after collection. The protein material was then precipitated by addition 
of 4 to 5 ml. of 95 per cent. alcohol. The material was dried at 65°—70° 
C. and weighed. Reducing material was extracted from the dried material 
by repeatedly washing with small amounts of boiling water and decanting 
through washed Whatman’s no. 40 filter paper. The extract was then 
diluted to 25 ml. in each case. Duplicate 4-ml. aliquots were used for the 
determination of reducing material. To these, 1 ml. of 0.1 per cent. an- 
hydrous dextrose solution was added, and total reducing material determined 
as for tissue extracts. To determine total sugars, 10 ml. of the extract was 
made acid to methyl red by addition of one to three drops of 10 per cent. 
acetic acid. One drop of a 0.5 per cent. fresh solution of invertase scales 
was added. The material was allowed to digest for 20 hours at room tem- 
perature. Reducing material was then estimated as before. Blank deter- 
minations were made on distilled water receiving the same reagents. The 
reducing power of 1 ml. of the 1 per cent. dextrose solutions was determined 
after addition to 4 ml. of distilled water. The reducing material in the 
extracts was then obtained by difference between the extract plus dextrose 
solution and the dextrose plus water solution. Sucrose was determined by 
difference between reducing material before and after inversion. 

Qualitative tests with diphenylamine showed nitrate to be present in all 
extracts. Tests with phenoldisulphonie acid indicated a nitrate-nitrogen 
content of less than 0.05 mg. in all samples, which is less than 0.15 per cent. 
of the dry weight of the smallest sample. 

In the summer study, 5-ml. aliquots of the extract were dried at 65° C. 
The soluble solids were estimated by weighing by difference. This dried 
material was then dissolved in concentrated sulphuric acid and the soluble 
nitrogen estimated by the micro-Kjeldahl method. 

The residue remaining after extraction and the filter paper through 
which the extract was decanted were dissolved in concentrated sulphuric 
acid. Protein was then estimated as for the tissue. Blank determinations 
were made on comparable filter paper. 


Experimentation 


GROWTH OF THE PLANTS 


The first series of collections was made 27 days after the seedlings were 
placed in nutrient solution. The first 2 weeks of this period were charac- 
terized by a number of bright, warm days. In the third week, there was 














COOIL: PHLOEM EXUDATE AND TRANSLOCATION 67 


searcely a day when the sky was not overeast. This lack of sunlight con- 
tinued until the day preceding the collection. The atmospheric conditions 
were reflected in the outward appearance of the plants. Thus, in the first 
2 weeks the plants put forth a vigorous, balanced growth. At the beginning 
of the fourth week, the leaves were becoming darker green in color, and at 
the time of collection, their appearance suggested a type of growth charac- 
teristic of high nitrogen content or possibly carbohydrate deficiency. The 
data appear to confirm the latter as will be shown presently. 

The series B collections were made 49 days after planting of the seed- 
lings. The 22-day interval between the two collections was a period of 
sufficient sunlight to result in full and vigorous growth. By March 20, 2 
weeks previous to the series B collection, flowers were abundant on all 
plants. At the time of these collections, fruits were developing rapidly on 
all plants, but were beginning to absciss from the minus-nitrate plants. The 
leaves of plus-nitrate plants were of a light green color, whereas those of 
the minus-nitrate plants were showing symptoms of their lack of nitrogen 
in their yellow green appearance. 

Average lengths of petioles and blades are shown in table I. 


TABLE I 


LENGTH OF PETIOLES AND BLADES; AVERAGE OF 10 TO 15 LEAVES 


GROUP LENGTH OF PETIOLE LENGTH OF BLADE 


cm, cm, 
Series A .. 23 16 
Series B+ N 32 18 
Series B—N 22 15 


The average fresh weight per blade was 4.83 gm. for the young series 
A plants, 8.32 gm. for the plants of the series B plus-nitrate group, and 
4.60 gm. for those of the series B minus-nitrate group. 

From these data, it is seen that the maximum leaf expansion and petiole 
length is attained by the series B plus-nitrate group of plants. The leaves 
of the series A group are much smaller. This is due to the fact that, al- 
though the leaves were fully expanded at this stage, the plants were still 
very young. The minus-nitrate group shows a lack of maximum expansion 
caused directly by the lack of nitrogen during development. 

In brief, the picture presented is: The series A plants were in a vegeta- 
tive condition. The dark green leaves which were sampled were produced 
by young, vigorously growing plants low in a source of carbohydrate, under 
conditions where carbohydrate synthesis was limited, but exposed to condi- 
tions ideal for synthesis one day previous to sampling; the series B, plus- 


nitrate plants were older, were nutritionally balanced and at a fruiting stage 
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of development; the minus-nitrate plants were showing effects of nitrogen 
deficiency to the extent of stunted growth, yellowing of leaves, and fruit 
abscission. 


COMPOSITION OF TISSUE AND EXUDATE 


Table II shows the solid material for the three groups on a fresh weight 
basis. In the blades, both soluble and insoluble materials are highest in the 
series B plus-nitrate group. Thus, this group of blades has accumulated a 
larger proportion of dry material as well as a larger total amount. Using 
this group as a basis, the minus-nitrate group has been restricted not only 
in amount of growth but in the proportion of dry material accumulated and 
assimilated. In the petioles, insoluble solids were lowest in series A. The 
plus-nitrate petioles of series B are intermediate in this respect, whereas the 
minus-nitrate petioles have accumulated the greatest proportion of insoluble 
solid material. The latter, as will be seen shortly, is caused by a lack of 
active growth and the resulting congestion of growth materials. 

In protein content as percentage of the fresh weight, the series A blades 
are highest (average 3.54 per cent.) ; the plus-nitrate intermediate (average 
2.91 per cent.) ; and the minus-nitrate lowest (average 2.02 per cent.). The 
protein then falls in the same order as did the degree of green color of the 
leaves. 

TABLE II 
AVERAGE SOLID MATERIAL IN LEAF TISSUE AS PERCENTAGE OF FRESH WEIGHT 


BLADE UPPER PETIOLE LOWER PETIOLE 
sates | Sox- | INsot- | ,, Sot- NSOL- | ,, Sot- | Insot- | , 
Series | Sot INSOL- | mopar, 30L- | INSOL- | ponar, ae 1 ee 
UBLE UBLE UBLE UBLE : ' | UBLE UBLE | _ : 
SOLIDS _ | SOLIDS — SOLIDS 
| SOLIDS | SOLIDS SOLIDS | SOLIDS SOLIDS | SOLIDS | 
% % % % % % C % % 
3.79 | 10.39 14.18 2.26 2.04 4.30 2.27 1.73 4.00 
B+N | 3.98 | 11.08 15.06 3.30 3.01 6.31 3.41 3.20 6.61 
| 
3.24 3.61 6.85 


B-N | 3.30 | 8.23 11.53 2.99 3.66 6.65 


The protein content of the petiole tissue and exudate is expressed as 
percentage of the fresh weight in table III. In the tissue the plus-nitrate 
plants of series B appear to have a slightly higher content than the minus- 
nitrate group, and the vegetative plants are lowest of all. The latter is 
associated with a very high water content, as on a dry weight basis (table 
IV), the series A group is highest of all showing the same relationship to 


the other groups as do the blades. It is thought that the lower dry weight 
as well as the lower protein in this group has resulted from a smaller source 
of carbohydrate upon which to draw during development. 

The marked difference in content of tissue and exudate is at once noted. 
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On a fresh weight basis, protein of the exudate is of the order of ten times 
that of the tissue in all cases. This obviously indicates a very specific origin 
of the exudate. In general, there is relatively little difference in protein 
content of the exudate from a given segment among the various groups. In 
the series A group, the protein is higher in the exudate from the lower 
petiole than it is in that from the upper. There is little difference between 
content of protein in upper petioles and that in lower petioles for the groups 
of series B. 
TABLE III 


PROTEIN CONTENT OF PETIOLE TISSUE AND EXUDATE; BASED ON 
PERCENTAGE OF FRESH WEIGHT 








Tre or UPPER PETIOLE LOWER PETIOLE 
SERIES | COLLECTION 7 Ei 
wits ’ TISSUE EXUDATE TISSUE EXUDATE 
| 
| % % % % 
8:00 A.M. 0.26 3.06 0.24 3.41 
2:00 Mm. 0.27 3.00 0.25 3.20 
A 4:00 P.M. 0.30 2.96 0.24 3.56 
8:00 P.M. 0.27 2.44 0.23 3.16 
2:00 A.M. 0.26 2.42 0.22 3.64 
Average 0.27 2.78 0.24 3.39 
4:00 A.M. 0.31 3.29 0.35 3.50 
N 8:00 A.M. 0.31 3.28 0.36 3.40 
° 12:00 M. 0.30 2.71 0.35 3.06 
B Average 0.31 3.09 0.35 3.32 
4:00 A.M. 0.30 3.75 0.3 
8:00 A.M. 0.28 3.22 0.28 3.40 
-N 12:00 Mm. 0.30 2.42 0.29 2.27 
6: 00 P.M. 0.32 3.87 0.32 3.64 
Average 0.30 3.31 0.30 3.10 
7 
TABLE IV 
PROTEIN CONTENT OF TISSUE AND EXUDATE; BASED ON PERCENTAGE 
OF DRY WEIGHT 
TISSUE EXUDATE 
® —_ 
SERIES BLape UPPER LOWER UPPER | LOWER 
erat, PETIOLE PETIOLE PETIOLE | PETIOLE 
TR % % % % | % 
A 25.1 6.39 5.67 $1.7 35.8 
B+N 19.2 4.83 5.35 37.0 37.8 
B-N 17.6 4.55 4.40 36.3 35.4 


In the petiole tissue, the individual values for a given series show little 
variation traceable to factors other than sampling errors and fluctuation in 
the water content of the tissue. In the exudate, however, the variations 
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during a day are greater. These may represent merely differences in dilu- 
tion of the sieve tube material by water from other tissue. In both groups 
of series B a marked decrease in exudate protein occurred between 8: 00 
a.M. and 12:00 m. This was in each case associated with a corresponding 
decrease in dry weight as percentage of fresh weight as well as an increase 
in flow of exudate. The cause in this case seems to be greater dilution asso- 
ciation with greater flow of exudate. On the other hand, variations in 
exudate protein of series A show no such association with flow. 

In the exudate perhaps no great significance can be attached to varia- 
tions within a series of any of the components expressed on any basis, since 
none of the components is definitely known to be structural material. If 
proteins or other insoluble components do represent structural material, 
there is still no assurance that the exudate is composed of the other con- 
stituents in the same proportion as they occur in the sieve tube. 

In the summer of 1939, estimations of water soluble nitrogen in the 
exudate were obtained. The soluble nitrogen when expressed as N ranged 
between 3 and 5 per cent. of the dry weight. The average content of 23 
samples of exudate from 4-week and 6-week old plants is 4.08 per cent. of 
the dry weight. Since NO, has been shown to be very low in the exudate 
and because NH, N does not normally accumulate in active plants supplied 
only with NOs, the soluble nitrogen present must be in the form of amino 
acids and amides. As such, it would account for a large proportion of the 
dry weight. On a fresh weight basis, the average nitrate-nitrogen content 
of the petioles of series A is 0.24 per cent. ; petioles of series B, plus-nitrogen, 
0.22 per cent.; and those of series B, minus-nitrogen, less than 0.009 per 
cent. 

Qualitative tests showed starch to be present only in traces in the leaves 
of the series A collections. In the plus-nitrate leaves of series B, a strong 
positive test was observed in the blades and petioles in the late afternoon 
and only traces in the early morning. In the minus-nitrate plants, it was 
present in abundance at all times of the day. 

In table V are presented the total sugars, reducing sugars, and sucrose 
for the tissue and exudate of the three groups. Though considerable varia- 
tions are seen to occur during the day, the three levels of carbohydrate 
content are clearly evident in the values of the tissue. 

On the basis of the data which have been presented, it may be well to 
consider the level of metabolism of each group. Series A is a group of 
young, vegetative plants with dark green leaves. Its leaf blades have a high 
proportion of protein relative to other solid materials. The protein, sugar, 
and total solid content of the petiole tissue is lower than that in the other 
two groups. Thus, an absence of reserve materials is evident in this tissue. 


Plants showing these characteristics and outward evidence of vigorous 
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growth are known to consume comparatively large quantities of carbohy- 
drates (24). Plants of this sort when provided with conditions favorable 
for carbohydrate synthesis, as these were, are at a high level of metabolism. 
The plants of series B, which were older and in a fruiting condition, had 
passed the stage of rapid vegetative growth and were at a lower metabolic 
level than were the plants of series A. The minus-nitrate group exhibiting 
a stunted growth, yellowing leaves and fruit abscission as well as accumu- 
lation of starch and sugars were at a very low level of metabolism. 

It is of particular interest that, though the order of difference is much 
less, the concentrations of reducing sugars in the exudate show a pattern 
precisely the reverse of that of the tissue. Thus, in the exudate the average 
concentration of reducing sugars is lowest in the minus-nitrate plants, inter- 
mediate in the plus-nitrate and highest in the low-carbohydrate plants. It 
might be suspected that this is due to a greater dilution of the exudate in 


series B. To test this possibility, the ratio of sugar to protein is used 
(table VI). 


TABLE VI 
AVERAGE RATIO OF SUGAR TO PROTEIN IN EXUDATE 


UPPER PETIOLE LOWER PETIOLE 


GROUP REDUCING TOTAL REDUCING TOTAL 
SUGAR SUGAR SUGAR | SUGAR 
PROTEIN PROTEIN PROTEIN PROTEIN 


Series A 0.152 0.116 
Series B+ N 0.099 0.179 0.099 0.138 
Series B—N 0.086 0.120 0.078 0.100 


This falls in the same order and demonstrates at least that the amount 
of reducing sugar in relation to the amount of protein is highest in the 
low-carbohydrate plants and lowest in the carbohydrate-gorged plants. 
Furthermore, this order is the same as that of metabolic activity of the 
plants. 

In the exudate from series A, the reducing sugars alone were in higher 
concentration than were the total sugars of blade or petiole tissue. Data 
obtained from plants grown during the summer show an even greater dif- 
ference between exudate and tissue concentration (table VII). Here, 
sampling was performed when the plants were only three weeks old as well 
as at the end of four weeks. The total sugar concentration of the blades 
collected on July 9 was 0.14 per cent. of the fresh weight. In each case 
these data indicate accumulation of sugar in the sieve tubes despite a steep 
gradient from them longitudinally into the blades and transversely into the 
other petiole tissue. Such accumulation might occur in active protoplasm. 

The plants of series B (table VI) had a higher concentration in the 
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petiole tissue than in the exudate. In the minus-nitrogen plants, this 
difference was considerable. 

These sugar concentrations, as well as the protein concentrations, dem- 
onstrate a highly local origin of the exudate. When the petiole is cut, the 
exudate can be seen to accumulate at the cut end of the phloem regions. 
The slime plugs that are formed in the sieve tubes occur only in the mature 
elements which have fully developed sieve plates (4). This is the only 
internal structural disturbance that is observed as a result of cutting. It 
is then likely that the solid material of the exudate consists largely of mate- 
rial from the mature sieve tubes. 

Microscopie observations show that most of the cross-sectional area of 
the petioles is occupied by very large extra-vascular parenchymatous cells. 
Consequently, the chemical analyses of the petiole tissue, when expressed as 
percentage of the fresh weight, are to a large extent estimates of the com- 
position of the extra-vascular parenchyma. The rather large differences 
between sugar concentration in the tissue and in the exudate as well as the 
differences in tissue concentration among the three groups of plants indicate 
that the concentration of sugars in the parenchyma must have little influence 
on that in the sieve tubes. 

It is worthy of note that only rarely does the total sugar concentration 
exceed 0.5 per cent. of the fresh weight of the exudate. In one case exudate 
was collected from the cut stem of a vigorous plant and its total sugar con- 
tent was found to be 0.20 per cent. of the fresh weight. In a collection of 


exudate from Cucurbita maxima, the total sugar concentration was 5.4 
mg./ml. (23). None of these concentrations even approaches the 9 per cent. 
solution supposed by Crarts (3) for calculating rates of solute movement 
into a pumpkin. It seems highly improbable, therefore, that accumulation 
of organic material in the pumpkin is a result of a mass flow of sugar 
solution. 


In table VIII is presented the fresh weight of exudate per petiole and 
the dry weight as percentage of fresh weight for the three groups. It is 
seen here that the flow was greatest from the minus-nitrate petioles and 
least from the low-carbohydrate petioles of series A. This is the reverse 
order if dependent upon sugar concentration of the exudate. Indeed, the 
amount of flow is directly correlated with the sugar content of the tissue 
instead. Furthermore, the greatest flow occurred from the minus-nitrate 
plants where translocation was much reduced. It is recalled that abscission 
of fruits was occurring in this group. The amount of flow from petioles is 
again of lowest magnitude in the vegetative group where the mature leaves 
were supplying carbohydrates to the rapidly growing meristems. The 
plus-nitrate petioles of series B were considerably larger than the minus- 
nitrate petioles, vet flow of exudate from the former was smaller. On these 
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bases it appears that no relationship between flow of exudate and translo- 
eation exists. 


TABLE VIII 


AVERAGE FRESH WEIGHT OF EXUDATE PER PETIOLE AND DRY WEIGHT AS 
PERCENTAGE OF FRESH WEIGHT. 
MILLIGRAMS OBTAINED IN ONE MINUTE AFTER CUTTING 





FRESH WEIGHT | DRY WEIGHT AS PERCENTAGE 








NUMBER 
_— PER PETIOLE OF FRESH WEIGHT 
SERIES so aneialacla te 
PETIOLES ‘ : | 
an " a) UPPER | LOWER UPPER } LOWER 
AVERAGED , © = : aol | 
PETIOLE PETIOLE PETIOLE | PETIOLE 
mg. mg. % % 
ja w ad 
ate 70 10.7 20.0 8.71 | 9.00 
B + N....... 30 24.4 32.8 8.34 8.79 





B -N....... | 35 28.6 41.8 8.57 | 8.82 


The data presented here afford little evidence that movement of carbo- 
hydrates occurs as a result of a mass flow of solution through the sieve 
tubes. Moreover, the protein content of the exudate is indicative of.a 
dense protoplasm in the sieve tubes. Associated with this protoplasm may 
be a high metabolism as shown by an apparent accumulation of sugar against 
a gradient in the low carbohydrate plants. A cellular organization having 
these characteristics would surely play anything but a passive réle whatever 
its function. 

HAMNER (13) has presented evidence that the reduction of nitrate in 
plants is associated with a high respiration. Moose (23) found pH values 
of 8.0 and 8.1 in exudate of Cucurbita maxima. A pH value between 6.8 
and 7.4 was obtained with range indicators on one occasion in the course 
of the present work. Such a neutral or slightly alkaline reaction is proper 
for nitrate reduction as shown by Eckerson (11). This observation to- 
gether with the low nitrate content may indicate that reduction of nitrate 
occurs actively in the sieve tubes. If this is the case, it lends further sup- 
port to the concept of a highly active phloem. 

It is now necessary to consider: (1) the extent to which translocation 
from the leaves of the various groups has occurred; and (2) the factors 
which contribute to a flow of exudate from the phloem when the petiole 
is cut. 

MOVEMENT OF SUGARS 


The total sugars of the tissue of blade and petiole segments are shown 
in table V. In series A the sugar content of the blade is at its low level at 
8:00 a.m. It rises from 8:00 a.m. to a maximum at 12:00 m., diminishing 
rapidly thereafter. The petiole segments show a similar trend. These 
petioles were not covered, so photosynthesis was normal. These trends in 
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the blades represent little more than the amount of sugar being formed rela- 
tive to the amount being used and translocated. In the petiole segments 
the amount present at any time is dependent upon the additional factor of 
the amount being moved in from the blades. For a period in the morning, 
the rate of sugar formation in the blades was exceeding the sum of the rates 
of removal and utilization. Throughout the latter part of the day, the rate 
of removal plus the increased respiration, owing to higher temperature, was 
exceeding synthesis. These plants were rapidly growing, necessitating rapid 
movement of growth materials, yet at no time was there a significant con- 
centration gradient from blade to upper petiole or from upper to lower 
petiole. 

In the plus-nitrate plants of series B, there is a marked difference in 
concentration between the blades and petioles. Between 8:00 a.m. and 
12:00 m. a greater rate of formation than removal is again shown in the 
blades. The upper petiole shows loss of sugar at 12:00 Mm. possibly because 
the petioles were covered with black paper preventing synthesis, and speed- 
ing up respiration in this segment. The lower petiole shows no significant 
change during this period ; supply and removal have been balanced. In the 
minus-nitrate plants, a still greater difference in concentration exists be- 
tween blades and petioles. These blades show a greater rate of synthesis 
than removal throughout the whole day. There is a pronounced increase 
in sugar in both petiole segments even though these petioles were covered. 
A greater rate of movement into than of removal out of the segments 
accounts for this accumulation. This low rate of removal is associated with 
a sluggish metabolism and is in harmony with the observations of stunted 
growth and falling of fruits. 


— 


FACTORS CAUSING EXUDATION 

In series A there was a pronounced decrease in the amount of exudate 
which flowed from a cut petiole as the day progressed. That this is asso- 
ciated with a water loss from the tissue is indicated (fig. 1). The fresh 
weights of the segments sampled are expressed as the percentage of the 
maximum. It should be remembered that the individual values are subject 
to sampling errors because of the relatively small number of segments used. 
It is also not known that the actual maximum and minimum points were 
obtained. et, the maxima and minima which were found for fresh weight 
of tissue closety correspond to maximal and minimal flow of exudate, respec- 
tively. A direct relationship between water content of tissue and exudation 
is indicated. 

The flow of exudate from the upper petiole was curtailed more by water 
loss than was that from the lower petiole. The loss of water, however, from 
the tissue of the upper petiole was less; a smaller degree of water loss in the 
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upper petiole probably affected flow of exudate more. This may be ex- 
plained by a higher ratio of vascular tissue to parenchyma in the upper 
petiole. An approximate measure of this ratio is the insoluble material of 
the tissue expressed as percentage of fresh weight. The extra-vaseular 
parenchyma consists of very large thin-walled cells contributing very little to 
the insoluble solid material. The vascular material, on the other hand, con- 
tributes largely to the insoluble material of the tissue due to secondary 
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Fig. 1. Fresh weight of the petiole tissue and of the exudate as percentage of the 
maximum value. Series A. 


thickening of the xylem elements and highly proteinaceous phloem. Table 
II shows a higher insoluble solid content in the upper petiole for this group. 

When much collenchyma exists in the upper petiole, it could contribute 
to this difference ; to avoid this possible error, a comparison of only the pro- 
tein material may be made. That the protein material is to a large extent 
restricted to the phloem has already been shown. Table IV shows that this, 
too, is higher in the upper segment than in the lower. 

It thus appears that the water loss which may take place from a segment 
of the petiole is directly related to the amount of extra-vascular parenchyma. 
From this, it follows that the amount of phloem exudation is dependent in 
part upon the water content of the extra-vascular parenchyma. Of course, it 
is recognized that water loss from the tissue of the blades as well as the 
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petioles is associated with a greater negative tension in the xylem as the day 
proceeds. This is undoubtedly effective in decreasing exudation. 

For series B, the fresh weight of the tissue of the petioles is plotted in 
figure 2 as percentage of the maximum. There appears to be no significant 
change in water content of the tissue of the plus-nitrate plants between 8 : 00 
A.M.and 12:00m. In the minus-nitrate plants, there appears to be a signifi- 
cant loss of water from the tissues during this period. In neither upper 
nor lower petiole is the water loss as severe or as extended as it was in series 
A. The minus-nitrate petioles had regained their turgor at 6: 00 P.m., while 
it will be recalled that the turgor of the petioles of the series A group was 
not regained even at 8: 00 p.m. 

Between 8:00 A.M. and 12:00 m. there was a very marked increase in 
exudation from the plus-nitrate petioles. Though not so marked, a similar 
response is seen in the minus-nitrate plants. This is in sharp contrast to 
the result for the same time of day in series A. There was very little differ- 
ence in the two days as far as temperature and humidity are concerned. 
There was no appreciable air movement on either day. The water loss from 
the blades of all groups of plants was marked during these intervals (7.e., 
as water per blade: 0.34 gm. in series A; 0.74 gm. in the series B plus-nitrate 
group ; and 0.40 gm. in the series B minus-nitrate group). Water loss due 
to transpiration was thus proceeding at a more rapid rate than was uptake 
by the blades. There is, then, every indication that a high negative tension 
existed in the xylem in all groups. 

It is evident that the explanation of exudation on cutting lies in a eon- 
sideration of the pressure relations of the tissues of the intact plant and in 
how these relations will be affected by cutting. This involves the functional 
pressure? of the cells of each tissue involved (that is, the pressure operative 
in producing a movement of water into or from them). This is the net effect 
dependent upon the osmotic and turgor pressures.* 

In the petioles of Cucurbita pepo, the extra-vascular parenchyma con- 
sists of very large, thin-walled cells. The water content of these cells is very 
high and will be affected to a considerable degree by functional pressures to 
and from them. They are cells capable of attaining considerable turgidity 
when conditions are favorable for movement of water into them; on the 
other hand, they can withstand considerable loss of water when the fune- 
tional pressure is out of them. The xylem, in contrast to the parenchyma, is 
characterized by elements with secondary thickening capable of resisting col- 

2 This is the pressure commonly given a number of names such as suction pressure, 
suction tension, net pressure, ete. 


3 Osmotic pressure is here considered the veetor tending to move water into a cell 
due to the effect of the solutes of the cell sap in reducing its vapor tension. By turgor 
pressure is meant the vector resisting further water intake due to confinement within the 
cell. 
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lapse under conditions of deficit. Crarrs (3) has shown that the phloem 
cells have thick, highly hydrated walls. An active sieve tube system would 
seem capable of developing a considerable turgor pressure. 

The total amount of water-soluble solids in exudate from petioles of 
plants grown during the summer of 1939 was about 70 per cent. of the total 
dry weight. The exudate contains an approximate 6 per cent. (ash shown in 
table VIII, the dry weight ranges between 8.3 and 9.0 per cent. of the fresh 
weight) solution of water soluble material of which not more than 0.5 per 
cent. is sugar. When this is compared to the 2.3-3.4 per cent. solution of 
the petiole tissue (table IT), it would appear that the exudate in each case 
has a greater osmotic pressure than has the tissue. The osmotic pressure of 
the exudate, however, is attributable mostly to soluble material other than 
sugar. 

Fully aware of these tissue relations, we are in a position to consider what 
takes place when the petiole is cut. Let us take first an early morning col- 
lection from the low carbohydrate plants of series A. We know that the 
rate of transpiration from the leaves did not greatly exceed the rate of up- 
take of water because the water content of the blades was at a maximum at 
this time. Consequently, there was little if any negative tension in the xylem, 
and the parenchyma and sieve tubes were turgid. Cutting the petiole re- 
sulted in a release of the turgor pressure of the sieve tube system causing 
a functional pressure into it from the xylem and parenchyma. The exuda- 
tion which occurred was a result of this water flushing the sieve tube con- 
tents from the cut petiole. 

As the day progressed and the temperature rose, the rate of transpira- 
tion exceeded water uptake resulting in an increasing negative tension in the 
xylem elements. This was associated with a water loss from the extra-vas- 
eular parenchyma of the petioles, reducing their turgor pressure and in- 
creasing their osmotic pressure. It is likely that the turgor of the phloem 
was similarly reduced. The phloem, however, because of its higher osmotic 
pressure and the thicker cell walls, would not be expected to lose as much 
water as the parenchyma. Cutting the petiole under these conditions would 
instantly release the negative tension in the xylem causing a now unbalanced 
functional pressure to operate from the xylem into the parenchyma and 
phloem. The already reduced turgor pressure of the phloem is released by 
the cut as before, but the much reduced turgor pressure of the parenchyma 
this time augments the functional pressure from the xylem into it. Asa re- 
sult exudation from the phloem does occur, but not to the degree it did in 
the early morning, since much of the xylem water now moves into the paren- 
chyma rather than wholly into the phloem. 

In series B both the plus- and minus-nitrate plants have a much higher 
sugar content in their petiole tissues than have those of series A. That this 











S 
¥ 
g 
: 
z 
‘% 
38 
e 
4 
wy 
g 
) 
XS 
é 


3 


s 





3 





PLANT PHYSIOLOGY 


+ 


*Upper Petiole 

+Lower Fet jole 
m7) sSuU6e 
~—£xudate 


2 i. 





8AM. /é 4PM. 


Fig. 2. Fresh weight of the petiole tissue and of the exudate as percentage of the 
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higher tota! sugar content contributed largely to a higher total soluble solid 
content is shown in table VI. There is little difference in the nitrate content 
of the plus-nitrate plants in the two series. The undetermined soluble mate- 
rial represents nearly half of the total soluble solids in each case. This frac- 
tion as well as the total sugars is higher in series B. What proportion of this 
material is represented by pigments and other substances which would contri- 
bute little to the osmotic pressure is not known. It is possible that a con- 
siderable proportion of it represents inorganic ions which are osmotically 
active. 

We may now consider the plus-nitrate plants of series B. The paren- 
chyma of these, we have reason to believe, has the highest osmotic concentra- 
tion of any of the groups. Analysis has shown the sugar and nitrate to be 
much lower in the exudate than in the tissue as a whole. It has been noted 
that exudation was much greater at 12:00 m. than at 8:00 a.m. Since there 
is little difference in the quantity of solutes present at the two times, the 
principal variable appears to be the degree of tension in the xylem system 
and the pressure differences imposed by it upon the parenchyma and sieve 
tubes. 

In the morning, when tension in the xylem is positive or only slightly 
negative, water may be taken from it readily by the osmotically active cells 
until the movement into them is checked by their own turgor pressure. <A cut 
at this time will release the turgor pressure of the phloem allowing water 
to enter it from the xylem causing exudation. Imposing a high negative ten- 
sion on the xylem system will reduce the turgor of the phloem and paren- 
chyma as in series A. In series B, however, the higher osmotic pressure of 
the parenchyma will resist water loss, resulting in less turgor reduction than 
occurred in series A. Cutting will now result in release of the negative 
xylem tension as well as the remaining turgor of the phloem causing a funce- 
tional pressure to the greatest extent into the phloem and giving more 
exudation than occurred before. 

In this manner a higher negative tension in the xylem might enhance 
exudation when a high concentration of osmotically active solutes exists in 
the parenchyma whereas an increasing negative tension in the xylem may re- 
duce exudation where the osmotic concentration in the parenchyma is low. 
The occurrence of exudation has been explained by creation of a functional 
pressure into the sieve tubes when the cut is made. It would follow that in 
each case exudation is accompanied by some dilution. Consequently, none 
of the analytical values for the exudate represents the actual content of the 
sieve tube. If the actual composition of the phloem were the same through- 
out the day, the maximum concentration of material observed in the exudate 
would be the closest approach to that occurring in the sieve tube. 
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Summary 


1. Plants of Cucurbita pepo in the following physiological conditions 
were used in these studies: (1) young plants in a strongly vegetative condi- 
tion, low in carbohydrates ; (2) older plants in a fruiting condition, deficient 
neither in carbohydrates nor in nitrogen; (3) plants of the same age as (2) 
but deficient in nitrogen. 

2. At certain intervals of the day, collections were made of the exudate 
which flowed from the cut portion of the petiole during the first minute after 
cutting. Collections of tissue from the leaf blades and petioles were also 
made. 

3. Reducing sugars, sucrose, protein, soluble nitrogen, and nitrate in tis- 
sue and in exudate were quantitatively determined. 

4. That the plants represented three distinct metabolic states is shown 
by observations of type of growth: leaf color, length, and weight as well as 
protein, sugar, and total solid content. 

5. Translocation is demonstrated in the minus-nitrate group by an accu- 
mulation of sugars in the petioles which were covered with black paper. In 
the other two groups sugars did not accumulate in the petioles, and because 
of the growth behavior of the plants translocation was known to be rapid. 

6. The sieve tubes seem to be the principal source of the solid material of 
the exudate. The exudate material appears to be in all cases diluted with 
water from the extra-sieve tube tissue. 

7. Sugar concentrations observed in the exudate are lower than any of 
those which have been used as a basis for caleulating rates of flow of solution 
in the phioem. 

8. An active sieve tube protoplasm is indicated by a high protein and 
soiuble nitrogen content in the exudate as well as an apparent accumulation 
of sugars against a gradient in the young plants. 

9. The sugar content of the exudate was not related to sugar content of 
the associated tissue, but appeared to be correlated with the metabolic level 
of the plants. 

10. A consideration of the effect of cutting the petiole on tissue-pressure 
equilibriums existing in the intact plant lends a plausible explanation for the 
occurrence of exudation as well as differences in exudation. 

11. The amount of exudate flowine from a cut petiole is not dependent 
upon translocation or upon the sugar concentration of the exudate. The 
data show little evidence of a ‘‘ pressure flow’’ mechanism in the phloem. 


The writer wishes to express his gratitude to Dr. H. F. CLEMENTs who 
suggested the problem and who has generously rendered advice and sug- 
gestions throughout its progress. 

DIVISION OF PLANT PHYSIOLOGY 

UNIVERSITY OF HAWAII 
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THE EFFECT OF SALT CONCENTRATION UPON THE METAB- 
OLISM OF POTATO DISCS AND THE CONTRASTED 
EFFECT OF POTASSIUM AND CALCIUM SALTS 
WHICH HAVE A COMMON ION’ 


F. C. STEWARD AND C. PRESTON 


(WITH THREE FIGURES) 


Introduction 


The metabolic processes which have been observed in potato dises under 
the conditions conducive to salt accumulation have been described (20) and 
a balance sheet of metabolites prepared (21). This work revealed certain 
relationships between the nature of the salt supplied and its effects upon the 
respiration and nitrogen metabolism of the cells. These results gave a new 
outlook upon the problem of salt absorption and, therefore, the relationship 
of the metabolism of potato discs to salts was intensively and systematically 
investigated. 

The purpose of the further investigation was to identify the specific 
effects on metabolism of the most important inorganic anions and cations and, 
therefore, to provide the essential biochemical background for a fuller under- 
standing of salt absorption. Of necessity the work was confined to cells 
derived from one plant and organ—the potato tuber. Broad generalizations 
must ultimately seek their confirmation in the behavior of other cells and 
tissues. No apology need be made, however, for this first restricted attention 
to one type of cell which was investigated under rigorously controlled 
conditions. 

The scope of the entire work may be indicated because it demands that the 
results shall be described in three parts—subsections which yet represent 
integral parts of the whole problem. 

1. The first part deals with those effects on metabolism which are caused 
by neutral salts. The experiments described show the effects of the concen- 
tration of different potassium and calcium salts in the external solution and 
the effects due to the various anions and cations, respectively, stand revealed 
when experiments which involved the use of bromides, chlorides, nitrates, 
and sulphates of potassium and calcium are compared. Wherever possible 
concurrent experiments employed salts with a common anion and the data 
not only reveal the principal effects attributable to each ion but also the inter- 
action of the effects of anions and cations. 

2. The second part deals with the more difficult problems raised by those 
salts which not only affect the external reaction of the solution, but which 

1 This is the third of a series of papers on the biochemistry of salt absorption by 
plants. The authors are indebted to Prof. D. R. HOAGLAND for proof-reading this paper. 
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should also have more direct effects on metabolism. The effects of phosphates 
and bicarbonates on the tissue are of this kind. In such cases the influence of 
salt concentration alone must be determined at constant pH ; but at constant 
salt concentration (phosphate or bicarbonate) the effects attributable to the 
ions H and OH must also be investigated. 

3. Yet a third aspect of the problem is presented by the important com- 
parison of the effects which are due to ammonium and to nitrate. Of neces- 
sity this comparison was investigated at constant pH and to this extent in- 
volved the knowledge derived from section (2) since the solutions were appro- 
priately buffered. 

In this paper attention will be confined to those problems which fall 
within the scope of the section (1) referred to above. 


Experimental procedure 


To compare the effects due to potassium and calcium, each experiment 
consisted of two series, each of four cultures. In one series the external solu- 
tion contained a potassium salt; in the other, the corresponding calcium salt 
was used. In this manner experiments were conducted with bromides, chlo- 
rides, and nitrates. When sulphates were involved the procedure was neces- 
sarily confined to the potassium salt. 

All variables other than the nature and concentration of the external solu- 
tion were standardized at values? fixed for all these experiments and main- 
tained constant by the methods which have been described (16). The tissue 
was cut from a uniform stock of tubers (variety King Edward) and only in 
the case of the sulphate series was another stock used. Within one series the 
duration of each treatment was the same and with one exception (calcium 
bromide series) the duration was so nearly constant throughout all of the 
experiments that the effects of the salt treatments may be seen by the absolute 
amounts of metabolism (rather than rates) which occurred. The better pro- 
cedure, however, is to compare the effects due to salt concentration within one 
series by reference to one culture as a standard; in this way the small differ- 
ences caused by the duration of treatment and the slight change in the stock 
of tubers during their storage, tend to disappear. 

In each series the four different salt concentrations (nos. 1, 2, 3, 4) were 
chosen as follows : 0.00075 ; 0.015 ; 0.050; and 0.075 gm. equivalents per liter. 
This choice was made upon the following considerations. The greatest con- 
centration (no. 4) was the maximum in which the tissue, after three days 
contact, was apparently free from irreversible injury to the cells. The lowest 
concentration (no. 1) seemed so low that it was anticipated that the specific 

2 Fifty standard dises; approximately 40 gm. in two liters of solution, at 23° C., 
aerated by a stream of washed air at 15 liters per hour, stirred by standard stirrers at 


100 r.p.m, 











STEWARD AND PRESTON: METABOLISM OF POTATO DISCS 87 


effects of the salts might be negligible and the metabolic behavior of the 
tissue was therefore not significantly different from that in distilled water. 
Even at 0.00075 equivalents per liter very small differences between the tissue 
in potassium and calcium salts were encountered. To minimize the number 
of replicate cultures, controls in distilled water were abandoned. An ade- 
quate estimate of the probable behavior of the tissue in distilled water can be 
obtained, if required, from the mean of the results obtained in 0.00075 
equivalents potassium and calcium salt. The differences between the dilute 
potassium and calcium salt are usually very small; thus when the effects of 
salt concentration upon metabolism are to be expressed relative to the tissue 
in the dilute culture of each series the standard of reference is virtually tissue 
exposed to zero salt concentration. 

The salt effects in question are not independent of the time and oxygen 
conditions to which arbitrary values were assigned in the experiments. In 
distilled water, potato discs eventually attain a plateau of respiration in 
which they do not suffer from oxygen lack when in solutions in equilibrium 
with air at 23° C. (21). It is this factor (other than oxygen supply) limit- 
ing the respiration of the dises, which is modified by salts—its limiting effect 
being reduced by potassium chloride and accentuated by calcium chloride. 
Clearly the maximum response to salts presupposes that the tissue is not 
suffering from lack of oxygen since specific salt effects disappear under 
extreme conditions of this type [see experiment at 3.80 per cent. (21)]; 
furthermore, the tissue has the requisite time to attain the maximum meta- 
bolic rate which the temperature, oxygen, and salt conditions permit. These 
requirements were fulfilled by the use of air as an aerating gas and experi- 
ments with a duration of approximately 60 hours. 

The methods used for the analysis of the tissue have been described else- 
where (21) and these were applied to comparable samples of the initial, as 
well as the final, tissue. 


Results 
THE EFFECT OF SALT CONCENTRATION ON RESPIRATION 


The effect of external salt concentration on respiration is shown by the 
caleulated relative respiration figures which were obtained by assigning the 
arbitrary value 100 to the respiration rate of the tissue in the most dilute cul- 
ture (no. 1) of the series (table I) and then calculating the remaining mem- 
bers of that series (nos. 2, 3, 4) in terms of this standard. Table I shows the 
absolute differences in the respiration rates of the tissue cut from the uniform 
stock of tubers and exposed to the various dilute salt solutions. These com- 
paratively small differences were caused by the combined effects of the very 
dilute salt treatment, the slight drift in the composition of the tubers during 
about six weeks of storage, and the slight variations in the total length of the 
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TABLE I 


RESPIRATION RATES OF POTATO DISCS IN 0.00075 EQUIVALENT SALT SOLUTION 





REspPI- REsPI- REspPI- 
SERIES bane RATION SERIES oo RATION SERIES tere RATION 
RATE* RATE RATE 

















KBr 63.5 0.143 KCl | 52.0 0.166 | KNO, 51.4 0.159 
CaBr, 69.5 0.130 CaCl, 53.0 0.158 | Ca(NO,),. 53.2 0.160 





* Total mg. CO, + total hours x initial fresh weight in grams. 


different experiments. The calculated relative respiration figures, indicating 
the effects of salt concentration unobseured by factors which affect the abso- 
lute rates of the different series, are given in table II and their relation to 
external salt concentration is shown graphically in figure 1. 

Clearly there are two conclusions to be drawn from table II and figure 1, 
which concern the effect of the cations and the anions respectively. The con- 
trast between the potassium and calcium salts noted previously (20, 21) for 
chlorides at one concentration, is consistent throughout the entire range of 
salts and concentrations. Since the effect (potassium salts stimulate and 
calcium salts depress respiration) appears when there is a common anion it 
must be caused by specific properties of the cations.* The quantitative effect 
produced by the cations and therefore the contrast between potassium and 
ealcium salts with a common anion is affected, however, by the nature of the 
anions. These anions apparently do not have a direct influence upon respira- 
tion but they operate inasmuch as they accentuate the effects which are 
clearly caused by the cations. The relative order in which the anions accen- 
tuate the effect of the cations is clearly SO, << Br < Cl < NO. This is 
shown by the ‘‘spread’’ between the curves of the comparable potassium and 
calcium series in figure 1 and, for the concentration no. 4, by the difference 
between the corresponding potassium and calcium cultures in table IT. In 
the order SO, < Br < Cl < NO, will be recognized the relative order of the 
anions with respect to certain physical properties but, more particularly, 
their relative effect upon the absorption of a common cation‘—a fact which 
constitutes strong evidence that the observed differences are not merely due 
to the presence of the salts in the external solution but that they also involve 
their absorption.’ In order to explain how potassium and calcium salts affect 


3 It is possible that the contrasted effects of K and Ca salts may be associated with the 
fact that in K salts equal uptake of cation and anion usually occurs in potato dises whereas 
in calcium salts excess uptake of anion is to be expected. 

4 Results privately communicated. 

5 A similar conclusion follows from the fact that the specific salt effects disappear at 
low oxygen tension. That is, the salts do not exert their effect by mere presence in the 
solution. 
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respiration the behavior under these treatments of the principal metabolites 
of the tissue was investigated. 


EFFECT OF EXTERNAL SALT CONCENTRATION ON CARBOHYDRATE 
METABOLISM 


As for respiration and the carbohydrate fractions, the salt effects are best 
discerned when the data are expressed on a relative basis. The final sugar 
and starch contents are first expressed per gram. of initial fresh weight of 
tissue and then the values for the cultures nos. 2, 3, and 4 of each series ex- 
pressed relative to that of no. 1, as standard, to which the value 100 is as- 
signed. To show the absolute amounts of starch and sugar present in the 
initial tissue cut at various times from the uniform stock of tubers and in 
those final samples which served as standards, the data are given in table III; 
whereas, to show the effects of salt concentration, the data of table IV are 
ealeulated on the relative basis explained above. 

There are two outstanding conclusions to be drawn from table IV: 

Throughout all of the experiments (nos. 1, 2, 3) increased external con- 
centration of the calcium salt caused a small but significant increase in starch 
hydrolysis. The effect of the concentration of the potassium salt was signifi- 
cant only in the case of the nitrate series and here the reverse effect was 
observed—increased external concentration of potassium salt retarded starch 
hydrolysis. 

The final sugar content of the tissue is the resultant of the starch hydroly- 
sis and the utilization of sugar in respiration and metabolism. The figures 
show that the residual sugar content of the tissue exposed to the greater 
potassium salt concentrations, in which greater respiration was observed 
(table IT and figure 1), was decreased by the salt treatment. Conversely, in 
contact with calcium salts, the greater the concentration of the external salt 
solution the greater the residual sugar concentration and, it will be recalled, 
this was associated with a greatly reduced respiration rate. 

Clearly total sugar concentration is not the factor which controls the 
respiration rate. Since it is improbable that the concentration of individual 
sugars would be affected in the converse manner, the cause of the effects of 
salts on respiration must be sought in the behavior of other metabolites. 


EFFECTS OF EXTERNAL SALT CONCENTRATION ON PROTEIN SYNTHESIS 


The essential soluble and protein nitrogen data are presented in tables V 
and VI in a manner similar to that used for carbohydrates. In table V, the 
data for the initial tissue and those final samples which in each series served 
as standards, are given in absolute units. The effect of salt concentration on 
the balance between protein and soluble nitrogen is shown in table VI in 
which the data are calculated on the relative basis previously explained. 
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The outstanding conclusion from these data is clear. . All of the salt 
treatments (increasing concentration of external potassium salts) which in- 
erease respiration (table II, fig. 1) also increase the protein synthesis. This 
occurs, to some degree, at the expense of the soluble nitrogen reserves even in 
dises exposed to dilute salt solution or distilled water (20). Although time 
(not an absolutely constant factor throughout all of the experiments) is also 
involved, it is clear that the anion (NO,) caused the greatest protein syn- 
thesis. It also accentuated the effect of potassium on respiration. Again the 
anion (SO,) had but little effect on respiration; it also provided the least 
stimulus to protein synthesis when present as the potassium salt. 

Conversely the salt treatments (increased concentration of calcium 
salts) which decrease respiration, also tend to suppress the synthesis of pro- 
tein from the storage reserve of soluble nitrogen compounds. In the nitrate 
series this result apparently does not hold. Not until the nitrogen fraec- 
tions are considered in greater detail can this anomaly be removed. It can 
be stated here, however, that the normal synthesis of protein in potato dises 
utilizes nitrogen mainly derived from amino compounds and it is only 
when the nitrogen is derived from this source that the close parallelism be- 
tween synthesis and respiration is obtained. It has been indicated in an 
earlier work (19) that calcium tends to divert synthesis from the amino 
compounds to the other fractions of the soluble nitrogen. Furthermore, in 
the presence of nitrates, especially calcium nitrate, synthesis may proceed 
directly from imorganic sources independent of nitrogen drawn from 
organic amino compounds. The fact that the usual relation between syn- 
thesis and respiration apparently breaks down in the calcium nitrate series 
ean therefore be explained. 

Prior to the more detailed analysis of the nitrogen fractions, the inter- 
relations of the effects of salt concentration on the processes thus far con- 
sidered are summarized in figure 2 which is constructed from the data of 
tables II, IV, and VI. Respiration and sugar content are definitely affected 
in converse manner by salt concentration; compare the general trend, 
shown by the histograms, through the potassium series 4 to 1 and the caleium 
series 1to4. Itis equally clear that the trend of protein synthesis (apart from 
the calcium nitrate series referred to above) is similar to that for respiration. 
In other words, figure 2 expresses the following in graphical form: respiration 
and protein synthesis of potato discs are closely linked whereas there is no 
causal connection between respiration and sugar content (as affected by ex- 
ternal salt concentration ). 


EFFECTS OF SALT CONCENTRATION ON THE SOLUBLE NITROGEN FRACTIONS 


The detailed effects of salt concentration on the nitrogen metabolism of 
potato dises ean be discerned from tables VII and VIII in which the data 
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are expressed in absolute units; and also from figure 3, in which the various 
fractions have been calculated relative to the initial total nitrogen content 
of the washed dises to which the value 100 was assigned for each experiment. 


EFFECT OF EXT SALT CONCENTRATION ON THE METABOLISM OF POTATO DISCS AT 23C, 


DATA ON RELATIVE BASIS — TISSUE IN SALT SOLUTION | = 100 


salt conc | =O-OO075gm equivs per litre sak conc. 3= 0-050 gm equivs, per litre 

salt conc. 2=O-O15 gm equivs per litre salt conc. 4*0-075 gm equivs. per litre 
@ SUGAR CONTENT 0 Co,ResPiReD @ PROTEIN N. CONTENT 
K series Ca series K series Ca series K series Ca series 
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Fig. 2. Effect of external salt concentration on the metabolism of potato dises at 
23° C. 

From figure 3 the following conclusions, some of them already evident 
in the earlier data, can be verified. 

(a). Protein synthesis (protein N represented by histograms below the 
line) oceurs at the expense of the soluble nitrogen fractions (soluble N rep- 
resented by histograms above the line) in potato dises exposed to dilute 
aerated salt solutions (see no. 1 of each series) at 23° C. 








EFFECT OF EXT SALT CONC. ON THE NITROGEN METABOLISM 
OF POTATO DISCS AT 23°C. 


DATA ON RELATIVE BASIS — INITIAL TOTAL NITROGEN = 100 


salt conc, |= O-OOO75gm. equivs per ire salt conc. 3= O.:050gm. equwvs. per litre 
salt conc. 2= O-OlSgmequws, per litre - salt conc. 4= 0-075 gm. equis. per itre 
K Series : Ca Series 
1 
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Fig. 3. Effect of external salt concentration on the nitrogen metabolism of potatoes 


at 23° C. 
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(b). In greater concentrations of potassium salts (chlorides and bro- 
mides) protein synthesis is increased. In solutions of sulphates the effect 
of potassium salt concentration on synthesis is slight. 

(ec). In solutions of nitrates the total nitrogen content is increased ; more 
so in potassium than calcium salts of the same equivalent concentration. 
When nitrogen is absorbed from potassium nitrate, protein synthesis ac- 
counts for a large proportion of the added nitrogen (80 per cent. in solu- 


TABLE VIII 


EFFECTS OF EXTERNAL SALT CONCENTRATION ON THE SOLUBLE NITROGEN FRACTIONS 
OF POTATO DISCS* 








SoLu- | SALT pe TOTAL | HEAT HEAT | 
SAMPLE TION CONCEN- EXPERI- SOLU- A =ane STABLE | LABILE AMMONIA 
} MENTS | = ae N N 
NO. | TRATION | BLE N | AMIDE | AMIDE 
Cae este | 4 mn 
e mg. mg. mg. mg. mg. 
Initial | KNO, 1.33 1.03 0.192 0.150 0.002 
Final | 0.00075 | series 1.31 | 0.93 | 0.243 | 0.166 | 0.002 
2 0.015 1.31 1.05 0.126 0.144 | 0.021 
os | 3 0.050 1.48 1.19 0.175 0.151 0.037 
ae | 4 0.075 1.50 1.29 0.119 0.149 0.041 
Initial | (NO,)- 1.36 1.06 0.189 0.147 0.002 
Fi ine se 1 0.00075 | series 1.26 0.99 0.195 0.153 | 0.002 
a 0.015 1.24 1.06 0.120 | 0.202 0.050 
6 = 0.050 1.66 1.29 0.124 0.278 0.100 
al 4 0.075 1.60 1.31 0.120 0.286 0.104 
Initial | K.SO, | 1.10 0.51 0.605 0.141 
Final | 1 0.00075 series | 0.93 0.68 0.216 0.043 
we oe. 0.015 0.87 0.66 0.199 0.033 
= 3 0.050 0.86 0.66 0.151 0.040 


6 | 4 0.075 0.80 0.62 0.201 0.041 


* All units in milligrams per gram initial weight. 


tion no. 4) whereas in the calcium series the protein synthesized represents 
a much smaller proportion of the total nitrogen absorbed (55.6 per cent. in 
solution no. 4). In other words, although there is a greater total synthesis 
of protein in the stronger calcium nitrate than in the weaker solutions, the 
effect of calcium as a depressant of synthesis is still apparent. 

(d). Amino nitrogen (amino acid + asparagine amino nitrogen) consti- 
tutes the largest soluble nitrogen fraction in all the tissue samples examined 
with the exception of the initial tissue used for the sulphate series. This 
contained much more amide nitrogen than the others.® Since this feature 

6 Some evidence obtained with potato tubers stored at low temperature (2° C.) shows 
that the relative accumulation of amide can be brought about by this treatment. In this 
extreme condition the high sugar concentration tends to produce a high rate of respira- 
tion which is different in its relations to nitrogen compounds from that observed in tissue 
drawn from normal tubers. The sulphate series showed a respiratory rate somewhat in 


excess of the normal value. There is every reason to believe that this tissue was drawn 
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disappeared under the experimental treatments it does not affect the com- 
parison of the effects due to salt concentration per se. 

(e). In the two bromide series the gain of protein in tissue exposed to 
the dilute solutions (no. 1) was almost balanced by the loss of amino-nitro- 
gen (KBr loss of amino-N = 110 per cent. of gain of protein-N; CaBr, loss 
of amino-nitrogen = 103 per cent. of gain of protein-N) and in the dilute 
solution (no. 1) of the chloride series the gain of protein was also largely 
accounted for by loss of amino-nitrogen (79.2 per cent. for KCl and 73 per 
cent. for CaCl,). As a result of increased potassium salt concentration (no. 
4) the additional protein synthesized amounted to 0.37 (KBr series) and 
0.29 (KCl series) mg. per gm. initial fresh weight and of this 0.25 and 0.33 
mg. respectively could have been derived from the amino fraction. In the 
calcium bromide series the strong salt (no. 4) suppressed the synthesis of 
0.43 mg. of protein nitrogen and of this 0.36 mg. (83.8 per cent.) remained 
as amino-nitrogen and in the calcium chloride series the synthesis of 0.17 
mg. of protein-nitrogen was suppressed by the strong salt solution (no. 4) 
and 0.12 mg. of amino-nitrogen (70.7 per cent.) was conserved. 

Clearly, then, the principal effect of the salt is upon the utilization of 
amino-nitrogen, the bulk of which is amino-acid amino nitrogen, in protein 
synthesis. 

(f). With respect to amide the position is more complicated owing to 
the presence of amides of different degrees of stability—heat stable amides 
(asparagine) and heat labile amides (comparable to glutamine). In the 
dilute salt solutions (no. 1) all of the series (KBr, CaBr., KCl, CaCl.) 
show an increase in the heat labile, easily hydrolyzable fraction which could 
account for a large part of the concomitant decrease in the stable amide 
fraction (KBr, 79 per cent.; CaBr., 44 per cent.; KCl, 61 per cent. ; CaCl), 
56.2 per cent). Increased concentrations of calcium salts, however, sup- 
pressed somewhat the disappearance of the amide fraction without affecting 
the accumulation of unstable amide appreciably. Also the increase in the 
concentration of potassium salts (difference nos. 1 and 4) decreases mark- 
edly the concentration of the unstable amide without a similar effect upon 
the reserve of stable amides. 

It seems, therefore, that the heat labile, easily hydrolyzable amide frac- 
tion does not arise directly from the more stable amide; it accrues from 
ammonia which could be released mainly from amino compounds by oxi- 
dative deamination |see also (20)| and also in part by hydrolysis of the 
more stable amides. As previously noted (20) the unstable amide therefore 
appears as a reactive intermediary in the formation of protein and its final 





from a stock which was in some degree affected by exposure to temperatures in storage 


lower than normal. There is no reason to suppose, however, that this feature determined 
the relationship to salt concentration which is here described. 
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concentration is decreased by those salt treatments (K series) which greatly 
accentuate synthesis." 

Certain parallelisms between the behavior of the unstable amide fraction 
and sugar will be apparent. The experimental conditions which cause a 
recrudescence of vital activity also stimulate starch hydrolysis, an increase 
in the concentration of sugar (culture no. 1: KBr, CaBr., KCl, CaCl, 
series), and a relatively high concentration of unstable, easily hydrolyzable 
amide.* Oxygen and temperature are no doubt the chief causal agents but 
the salt treatments (increased potassium salt concentration) which still 
further stimulate respiration and synthesis decrease both the sugar residue 
and likewise the accumulated unstable amide. The converse is not true. 
The salt treatment (increased concentration of the halides of calcium) 
which depresses respiration and protein synthesis conserves the sugar 
residue but the concentration of the unstable amide remains unaltered. 


TABLE IX 


EFFECT OF EXTERNAL SALT CONCENTRATION ON EASILY HYDROLYZABLE AMIDE 
CONTENT OF POTATO DISCS 





| 


SoLvu- 


SALT RELATIVE CON- 











°PE a RELATIVE CON- 

TION CONCEN- —— 4 | TENT OF LABILE ——— TENT OF LABILE 
NO. TRATION* AMIDE ps AMIDE 
1 | 0.00075 KBr series 100.0 KCl series | 100.0 
2 | 0.015 64.6 62.0 
3 0.050 63.8 63.5 
4 0.075 62.0 64.5 
1 0.00075 CaBr, series | 100.0 | CaCl, series 100.0 
2 0.015 99.2 100.0 
3 | 0.050 | 102.0 103.0 
4 0.075 99.2 99.0 





* Concentrations in gram equivalents per liter. 


These points are shown in table LX in which the effect of salt concentration 
on the heat labile amide is shown by data calculated on a relative basis (un- 
stable amide content in tissue of culture no. 1 for each series = 100). 


7 It is more usual to regard asparagine and glutamine as by-products of protein break- 
down and somewhat off the main route of synthesis of protein from ammonia [see CHIB- 
NALL (2, pp. 109 and 194) |—a synthesis usually supposed to reconstitute amino acids 
prior to protein formation. The more attractive view that the protoplast produces protein 
from sugar and ammonia without forming amino acids as intermediaries is admittedly 
devoid of direct evidence. The relations which CHIBNALL envisages between glutamine 
production and respiration concern the relation of glutamine to the cycle of metabolism of 
organic acids rather than protein synthesis. 

8 The sulphate series was done with tissue drawn from a separate stock which had an 
unusually high amide content in the initial washed dises. This is the only case of its 
kind observed in a great many such analyses and the difference between the initial and 
final tissue of this series is not used as the basis of any conclusion. 
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(g). When the cations are supplied as nitrates two factors require con- 
sideration. First, as illustrated by the data on respiration, the nitrate ion 
enhances the specific effects due to the cations; and, secondly, this anion can 
and does contribute to the soluble organic nitrogen fractions. After treat- 
ment in strong potassium nitrate the observed increase in the ammonia con- 
tent of potato dises is slight. The nitrate entering from potassium nitrate 
forms chiefly amino nitrogen and protein and the metabolism, although 
much stimulated by potassium, does not cause a net loss of the amino fraec- 
tion. In presence of relatively strong calcium salts the amino fraction is 
almost identical with that of the corresponding potassium cultures but the 
outstanding fact is that the other nitrogen absorbed by the tissue forms much 
less protein and remains much more in the form of ammonia and amide than 
in the corresponding potassium culture. 

External potassium concentration, therefore, increases synthesis of pro- 
tein from amino acid and in this the effects of potassium and oxygen are 
similar—the former accentuates the effect of the latter. Ammonia is not 
present appreciably in the tissue treated with potassium halides (and only 
slightly in potassium nitrate solutions) and the residual concentration of 
unstable amides is reduced by the greater synthesis which is stimulated by 
potassium. It follows that the effects of potassium salt concentration are 
not confined to the initial stages of the utilization of amino acids but extend 
to most, if not all of the reactions involved; especially those in which un- 
stable intermediates formed from sugar and ammonia are probably con- 
cerned. Calcium salts have the converse effect on protein synthesis; they 
depress the use of amino-acids, conserve the heat stable amide, and (in cak 
cium nitrate cultures) cause ammonia to accumulate appreciably. The con- 
centration of intermediates (heat labile amides) remains unaffected by high 
calcium concentration at the high values (no. 1) which are attained when a 
low rate of protein synthesis does not consume these faster than they are 
formed. Inasmuch as calcium, unlike the effect of potassium, fosters the 
storage and preferential use of ammonia and amide in the tissue, it diverts 
protein synthesis from the amino acids and encourages it to proceed without 
that oxidative deamination of amino acids; the latter is now believed to form 
the most probable link between protein synthesis and respiration. 

It is clear, therefore, that the somewhat unexpected effects of potassium 
and calcium salt concentration on respiration and synthesis of protein be- 
come intelligible when it is recognized that the active ions are the cations 
and these exert their effect through the nitrogen metabolism and especially 
the metabolism of amino acids. The nitrate series confirm this view, since 
the combined effect of nitrate and potassium increases the metabolism of 
amino acids whereas the combined effect of calcium and nitrate tends to 
divert most of the nitrogen metabolism which does occur through channels 
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(amide)* which in potato dises do not appear to be connected with carbon 
dioxide production. Thus the calcium series, in which the relation between 
protein synthesis and respiration seemed to be obscured, actually yields 
strong confirmation of the suggested relationship between these two proc- 
esses and the way in which they are both affected by salts in potato dises. 


EFFECTS OF SALT CONCENTRATION ON THE BUFFER CONSTITUENTS OF THE SAP 


The titration curves of the sap between pH 2.0—6.0 and 6.0-11.0 were 
recorded on all samples in the experiments here described. They contribute 
little, however, which cannot be derived from the tables already presented 
and will not therefore be given in detail. There is no discrepancy between 
the buffer values observed in the region pH 8.0 to 10 and the determined 
amino nitrogen content of the tissue—the trend of each with external con- 
centration can be discerned from that of the other. There is, however, a 
curious and unexplained difference between the effects of chlorides and bro- 
mides on that part of the buffer curve in which organic acid radicals are 
effective. 

In the bromide series increased external concentration of the potassium 
salt decreased the observed loss of buffer value in the range pH 2.0 to 6.0. 
At every concentration the calcium salt caused the tissue to lose more buffer 
than the potassium salt but the trend of the effect of concentration, though 
not great, was in the same direction for both cations. On the other hand, a 
perfectly clear and definite contrast between calcium and potassium chlo- 
rides was observed. Strong potassium chlorides accentuated, strong cal- 
cium chloride diminished, the loss of buffer value between pH 2.0 and 6.0. 
In other words, the effect of salt (chloride) concentration on organic acid 
radicles was parallel to the effect on amino nitrogen. Direct determinations 
of the organic acids are clearly necessary before the full effects of salt con- 
centration on the metabolism of the organic acid radicles, whether free or in 
amino acids, can be profitably discussed. 


EFFECTS OF SALT CONCENTRATION ON OXIDASE ACTIVITY IN THE CELLS 


Reference should be made to the qualitative effects of external salt con- 
centration on the browning reaction (19, 20). The chief interest of the 
browning reaction is that it indicates the activity of the potato oxidase sys- 
tem which produces, aerobically, active oxidizing agents (ortho-quinones) 
which can deaminate amino acids (20). Throughout the entire experiments 
described, which involved thirty different salt treatments, the same general 
trend was evident. Within each series increased external concentration of 
potassium salts increased the oxidase activity; 7.e., the production of brown 


® Calcium supply tends to foster the formation of amide from inorganie sources in 
certain plants [ (2), p. 100]. 
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pigment and increased concentration of calcium salts decreased this activity. 
Within the series the gradation in the intensity of browning reflects the 
effect of salts on respiration—it was steepest for nitrates and least for sul- 
phates ; the great difference in browning at the same concentration between 
nitrate or bromide cultures has already been noted (20). The effects of salt 
concentration on browning in the cells are, therefore, parallel to those 
observed on respiration and protein synthesis and they give credence to the 
idea (20) that the salts affect the deamination of amino acids by virtue of 
their effect upon the oxidase system of the living cells. 


Discussion 
THE EFFECTS OF SALT CONCENTRATION UPON METABOLISM AND ABSORPTION 


Experiments 1 to 4 must be scrutinized from the standpoint of the rela- 
tionship between salt accumulation, protein synthesis, and respiration. 

There may be confusion between two distinct types of absorption proc- 
ess which have been recognized in potato dises (termed for convenience 
‘‘primary’’ and ‘‘induced’’) in the case of cations, especially those (Ca) 
which may be bound chemically to cellular components (17, 18). Hence the 
following comparisons are drawn with reference mainly to the anions, since 
the data do not permit an adequate distinction between the amount of the 
eations (Ca) which is freely accumulated in the sap and that which is chem- 
ically bound in the tissue. 

The greater total absorption of bromide which occurred at the higher 
potassium salt concentration (exp. 1, table X) which was detected by the 
analysis of the external solutions, presents no new problem; the greater 


TABLE X 


ABSORPTION AND ACCUMULATION OF BROMIDE FROM POTASSIUM AND CALCIUM 
BROMIDE SOLUTIONS 





| FINAL FINAL 
SOoLv- INITIAL CONCEN- AcCUMU- CONCEN- ACCUMU- 
TION CONCEN- SERIES TRATION t LATION SERIES TRATION LATION 
NO. TRATION* ( INTER- RATIO} (INTER- RATIO 
NAL) NAL) 
] | 0.00075 KBr 0.0254 160 CaBr, 0.0158 43.70 
2 | 0.0150 series 0.109 8.66 series 0.0524 4.06 
3 0.050 0.242 5.42 0.0570 1.21 
4 | 0075 | 0.239 3.42 0.0560 0.78 





* Concentrations in gram equivalents per liter. 
+ Total equivalents absorbed per 1000 grams of water in the tissue. 
+ Internal concentration + final observed external concentration. 


absorption, albeit the smaller accumulation, was associated with the most 
intense metabolism. Both respiration and protein synthesis—the vital 
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processes which seem to provide the impetus for salt uptake—were stimu- 
lated by the stronger salt solutions. The case of the calcium salts is, how- 
ever, a different one. 

Despite the decreased respiration (fig. 1) and protein synthesis (fig. 2) 
caused by the stronger calcium salts, a greater total uptake of bromide 
occurred at the higher external salt concentrations. 

Thus there is an apparent breakdown of an otherwise fairly general ten- 
deney according to which salt absorption and respiration are similarly 
affected by external variables. The discrepancy is, however, more apparent 
than real. It is clear that at the higher calcium salt concentration, accumu- 
lation (on the whole-dise basis) was not attained; even allowing for the fact 
that cells in the surface layers might have greater concentrations, the possi- 
bility that any of the cells attained a substantial degree of anion aceumula- 
tion is remote. Hence, the emphasis should be placed upon the fact that the 
combined effect of the calcium salt solutions and other environmental factors 
depressed respiration and protein synthesis; in the strongest solutions 
used, they obliterated the latter altogether. Thus, increasingly at the 
higher salt concentration the observed anion uptake was confined to that 
passive penetration of cells which may be due solely to diffusion. 

The contrast between potassium and calcium salts is evident. A hun- 
dredfold inerease of external concentration produces approximately a ten- 
fold inerease of bromide absorbed from the potassium salt but only 
increased the bromide uptake from calcium bromide by 3.5 times. 

Absorption of salt to equality of concentration with the external solu- 
tion does not require metabolism but in dilute solutions the amount of salt 
thus absorbed is negligible. At relatively high salt concentrations the salt 
absorbed by mere diffusion may constitute the bulk of the salt absorbed but 
if additional salt is accumulated this is regulated by metabolism. It so 
happens that in potato dises relatively strong calcium solutions suppress 
the reactions which are apparently essential for accumulation (protein 
synthesis and the aerobic respiration with which it is linked) whereas in the 
corresponding concentration of potassium salts these processes not only 
persist but are stimulated. It has not yet been possible, however, to state 
the relationship between anion absorbed, protein synthesized, and carbon 
dioxide respired in more definite stoichiometrical terms than the qualitative 
statement used above.*® 

10 The reason for this is no doubt that the effects of salt concentration on uptake are 
affected by the thickness of the dises when the data are expressed on the tissue weight 
basis. This indicates that the salt concentration affects both the concentration attained 
in the surface cells and the depth of penetration of salt in strong solutions (15, 18). The 
data available for the special case of bromides show that, in strong solutions, they may 


penetrate beyond the zone in which respiration is stimulated over the basal rate which 
occurs in the uncut tuber (15); but they never accumulated there. It is clear, therefore, 
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Detailed discussion of the nitrate series from the standpoint of aceumu- 
lation is impossible because the ion was not accumulated. The rapid reduc- 
tion and subsequent metabolism of nitrate exert a predominant influence 
upon the absorption of this ion. Some of the soluble products of these 
reactions (which are different in the case of potassium and calcium salts) 
might, it is true, be regarded as accumulated in the sap since they are re- 
tained against a zero concentration outside, but such processes are not com- 
monly covered by the interpretation given to the term ‘‘accumulation.’’ 


THE NATURE OF THE SALT EFFECTS DESCRIBED 


The chief results described are the contrasted effects of potassium and 
ealeium salts which have a common anion; effects which are not nutritional 
as this term is commonly understood. Judged by the ability to maintain 
life and growth, whether of dividing parenchyma cells or of buds, the min- 
eral content of the vacuole of potato parenchyma is already adequate. The 
centers in which the metabolic effects of salt concentration are exerted must 
be relatively inaccessible to ions already in the sap, or to ions merely present 
in the external solution ; but they clearly become accessible under the condi- 
tions conducive to salt accumulation to cations during the actual process of 
absorption. Since ions have specific effects’ on metabolism this should be 
considered in the comparison of their relative uptake by cells—which is 
usually held to be determined by their place in the ionic mobility series. 

The contrasted effect of potassium and calcium salts was established 
under conditions such that it could not be caused by any colligative prop- 
erty of ions. Possible, but vague, effects due to manifestations of cell per- 
meability or ion antagonism can be disregarded. A hypothetical effect of 
the salts on the permeability of the cells to dissolved oxygen might explain 
many of the effects observed ; but these clearly involve metabolic processes 
with which the mere property of permeability, as it is commonly under- 
stood, has but little in common. 

Antagonism—a phenomenon usually invoked to explain contrasted 








that a full comparison between the effects of salt concentration and metabolism must 
evaluate the surface effects which both processes exhibit with cut dises. This demands an 
investigation which deals simultaneously with the salt uptake, respiration, and nitrogen 
metabolism of a range of dise thicknesses at different concentrations of potassium and 
calcium salt concentrations—a very formidable investigation which has not been made. 

11 In addition to the specific effects of ions on metabolism there may be those due to 
unequal uptake of anions and cations. In potassium halide solutions, anion and cation are 
absorbed in equal amounts whereas in calcium salts of the same anions the latter are 
absorbed in excess. Unequal uptake of anion and cation has been shown by others to 
affect organic acid metabolism. It may be that the responses described in calcium salts 
are not wholly specific responses to calcium per se but are partly or wholly due to the 
electrostatic inequality which would obtain in the ‘‘centers’’ where cations and anions are 
unequally absorbed. 
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effects of potassium and caleium— is governed by the ratio between the con- 
centration of the effective ions, rather than their total concentration in 
single salt solutions, and comparatively small concentrations of one ion 
(e.g., Ca) may neutralize the effect of greater concentrations of the other 
(e.g., K). The opposed effects of potassium and calcium ions in stoichio- 
metrically equivalent concentrations must be of quite another kind. In the 
concept of antagonism there is the implication that single salt solutions are 
injurious and it is this injury which is suppressed by the antagonistic effect 
of ions of another kind. The evidence is that the potato dises in aerated, 
single-salt solutions are free from the suggestion of injury. In the greatest 
potassium concentrations the most protein was synthesized—a property 
hardly consistent with injury to the living system. Furthermore not a 
single sample lost fresh weight during the treatment. Though not sepa- 
rately recorded the observed gain of fresh weight in dises which were pre- 
viously washed 24 hours in running tap water was never less than 3.7 
per cent., even in the strongest solutions used; in the more dilute solutions, 
the gains were very much greater than those recorded. 

The cations and not the-anions are primarily effective. The anions play, 
however, an undoubted rdéle in so far as they accentuate the effects of the 
associated cation and the relative order (SO, << Br < Cl < NO;) in which 
they do this is clearly that in which they also promote absorption from salts 
of a common cation. The cations (K and Ca) exert their effect as they 
accentuate or depress reactions which involve free oxygen. The connection 
between respiration and protein synthesis of potato dises has already been 
discerned in the metabolism of potato discs and the response due to salts 
with different concentration only becomes intelligible when this connection 
is appreciated. As described, the metabolic effects due to oxygen, potas- 
sium, calcium, and nitrate all fall into one scheme in which the utilization 
of amino acids, after oxidative deamination in protein synthesis, plays a 
predominant rdle. 

Clearly such effects of salt concentration may not be universal. In fact, 
the suggestion made that the salts act through the oxidase system of the 
potato might suggest that similar effects would be confined to the ‘‘direct’’ 
and not given by the ‘‘indirect’’ oxidase (peroxidase) plants. Not all 
living cells are capable of such active protein synthesis as are those of potato 
tuber. Hence it is not to be expected that so much of the aerobic respiration 
will always be linked with nitrogen metabolism.'* Nevertheless, the results 

12 The rapid salt accumulation which can proceed in ‘‘low-salt’’ plants, apparently 
independently of growth, calls for separate treatment. It happens that the cases studied 
have been monocotyledons low in soluble nitrogen. For various reasons, protein synthesis 
in the cells under the conditions of experimentation is rather improbable. Some other 
aerobic process, however, plays the role in these plants which is similar to that played in 
the potato by the amino acids. The details are unknown but the approach is clear. 
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described, which connect three of the most fundamental properties of living 
cells (aerobic respiration, protein synthesis, and accumulation of potassium 
and calcium salts) in a manner which was not hitherto evident, have wide- 
spread implications. 


SALT EFFECTS ON POTATO DISCS AND THE LUNDEGARDH HYPOTHESIS 


The results bear on the views of LUNpEGARDH (8, 11, 12) which have since 
been extended (9). Criticisms of this hypothesis arise (6), from a con- 
sideration of evidence drawn from a diversity of plants, materials, and the 
work of many investigators. That the connection between salt uptake and 
respiration is a respiratory component, the very existence of which depends 
on anion absorption, has been denied’* (18). Salt uptake responds to 
changes in the aerobic respiration rate (brought about by variables such as 
oxygen concentration, temperature, ete., other than anion absorption) so as 
to suggest that the one (respiration) regulates the other (salt absorption). 
Moreover, it was stated that, apart from the anions NO, and PO,, the effects 
of salts on respiration were due chiefly to the cations—a possibility which 
LunvecArpu (8, 12) did not allow. LunpEGARDH then, as now (9), postu- 
lated an entirely different mechanism to account for the absorption of anions 
and cations. 

The earlier criticisms of LUNDEGARDH’s theory gains added force from 
these new results. LUNDEGARDH evades the detailed criticisms of his earlier 
work but, at least to his satisfaction, ‘‘disposes of’’ the views of the senior 
author by the mere statement that potato dises constitute ‘‘unsuitable ma- 
terial’’ in which ‘‘anion respiration’’ is small relative to the ‘‘basie respira- 
tion’’ and the experimental conditions were varied too little in relation to 
the salts. The latter criticism relative to these experiments is clearly void, 
and the former is meaningless because as conceived by LUNDEGARDH 
‘‘ Anionenatmung’”’ has no real existence in the respiration of potato dises— 
the demonstrable effects of neutral salts on respiration are due primarily to 
the cations. 


In the case of potato dises rich in soluble nitrogen compounds, these amino acids 
occupy the key positions. In the work of HOAGLAND, however, it is shown that ‘‘low- 
salt’’ barley roots (which are probably unable to synthesize protein) are rich in sugar 
and organic acids; the influence of the latter predominates in this case. If the deami- 
nation of amino acids in potato discs affects respiration mainly because this yields a 
carbon substrate (keto acids), these two cases may not be as different as one might sup- 
pose. As a result of previous nutritional conditions, the substances in question may 
have already accumulated in the ‘‘low-salt’’ barley roots. 

13 LUNDEGARDH attributes the relation of respiration and salt absorption (Rt=Rg 
+KA) to a special component termed ‘‘Anionenatmung, KA’’ which is superimposed 
upon the basic respiration, ‘‘Grundatmung, Rg.’’ ‘‘Anionenatmung’’ has a value pro- 
portional to the equivalents of anion absorbed and the constant of proportionality (K) 
has the values NO, = 2, Cl=3. 

14 See also HOAGLAND and Broyer (5) and the later exchange of views (7, 10, 11). 
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Clearly constants characteristic of each anion could not account quanti- 
tatively for the effect of potassium and calcium salts on respiration; the 
effects due to the same anion supplied as a potassium or calcium salt are 
even different in sign. It is true that LUNpEcARDH has modified slightly his 
earlier view and now recognizes that ‘‘at more intense anion absorption”’ 
the cation affects slightly the value of the ‘‘constant’’ from which ‘‘ Ani- 
onenatmung’’ is calculated. The mechanism postulated is a vaguely speci- 
fied colloidal effect which is not directly determined by the quantity of 
cation absorbed. 

If the total respiration of potato discs is to be partitioned at all, then 
the components which should be separated are those described earlier (21) ; 
namely, that part of the total respiration which in its production is linked 
with protein synthesis (and in special cases this may constitute as much as 
43 per cent. of the total’’) and the remainder which arises independently of 
a net increase in protein and of nitrogen metabolism. Whatever the final 
conclusion concerning the nature of the latter component—the data in this 
paper establish the reality of the former. The chief interest of such a 
partition of the total respiration is the evident fact that the component of 
respiration which is linked to protein synthesis in potato discs seems to be 
more closely associated with salt accumulation than even the total respira- 
tion. Since this component is entirely aerobic there is no diserepancy be- 
tween this standpoint and the previous emphasis upon the importance of 
the aerobic processes of metabolism in salt accumulation. The new facts 
indicate that the aerobic metabolism processes in question are related to the 
nature and concentration of the cations in the external solution. 

Further discussion is not necessary regarding LUNDEGARDH’s views on 
the comparative rates of respiration of cells in distilled water and salt 
solution. Faced with the perhaps unexpected result (which does not follow 
from the theory of ‘‘ Anionenatmung’’) that the caleulated value of ‘‘Rg’’ is 
less than the respiration in distilled water (where anion absorption is 
clearly zero), LUNDEGARDH postulated that the concentration gradient is 
steeper in the absence of absorbable anions and more respiratory energy 
must be expended to retain the anions of the sap. He also stated that the 
presence of even a low external concentration of anion eliminates this 
necessity ; in stronger solutions the ‘‘ work of transport’’ rises and hence the 
increase in total respiration. In other words, the basic respiration is af- 
fected by the concentration gradient between solution and cell only when 
this latter is maximal (concentration difference=the concentration of the 
cell sap) ; at all other concentrations, and whenever absorption is finite, the 
magnitude of the respiration component ‘‘ Rg’’ is independent of this factor. 
It is better to question the validity of the relationship Rt = Rg + KA than to 


15 Solution 4, K NO, series, for example. 
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adopt such an argument. As it concerns absorption, LUNDEGARDH’s theory 
is not based upon the general concept that the work done in accumulation 
is a function of the concentration gradient against which the absorption 
occurs ; and still less, upon any rigorous thermodynamic principles by means 
of which the work or energy value of the absorption can be evaluated. 

The data in this paper need no such complicated assumptions regarding 
respiration in distilled water. For potato dises in distilled water respira- 
tion is at a level regulated solely by such variables as temperature, oxygen 
concentration, specific surface, ete.,—variables treated fully elsewhere—and 
in this condition the tissue is unaffected either by the stimulating effects of 
eations of one kind (e.g., K) or the depressing effects of others (e.g., Ca). 
In other words ‘‘respiration in distilled water’’ falls into its proper place 
in a range of salt treatments which passes from strong potassium salts on 
the one hand to strong calcium salts on the other. 

What then measures the respiration of tissue not undergoing salt absorp- 
tion according to LUNDEGARDH? LUNDEGARDH makes the assumption that 
there can be no anion absorption in bicarbonate solutions. Although this 
anticipates the results of another investigation similar to this one, it is 
clear that the bicarbonate ion exerts its own specific effects on metabolism. 
These—like the ones already described—are related to absorption. Other 
work by HoaGLANnD, privately communicated to the authors, also shows that 
potassium cations are absorbed from bicarbonate solutions. This latter 
criticism would perhaps not be of such great importance were it not that 
LUNDEGARDH uses the respiration of roots at zero anion absorption to eali- 
brate the respiratory efficiency of different batches of roots and, by the 
use of calculated factors, attains the semblance of close agreement between 
what are in reality a number of separate and obviously variable experi- 
ments. That the methods used by LUNDEGARDH still fail to standardize the 
variables in the material is evident from even a casual perusal of the abso- 
lute data; thus comparisons, except between the behavior of strictly eom- 
parable samples drawn from the same large batch of seedlings, could be 
justified only by a statistical analysis which is lacking. For all these rea- 
sons the theory of ‘‘ Anionenatmung’’ is still to be regarded as unproved, 
relative to roots; with respect to potato discs, however, it is inconsistent with 
the established facts. 

The recently published work of VAN E1sK (22) contributes the interest- 
ing result that the respiration of salt marsh plants (Aster tripolium) is much 
affected by salts (NaCl). He discusses the results from the standpoint of 
LUNDEGARDH but his calculated values for the constant anion respiration 
fluctuate over a wide range. His data do show that salts affect the respira- 
tion of halophytes; they do not establish the anion respiration as a special 
component of that respiration which is produced by salt absorption. 
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RELATION BETWEEN NITROGEN METABOLISM AND RESPIRATION 


THE CASE OF BARLEY PLANTS AND POTATO DISCS COMPARED.—GREGORY and 
Sen (3) recognized the possibility of a close connection between carbon di- 
oxide output and nitrogen metabolism. In barley leaves the respiration 
was controlled by nutritional factors during development (potassium and 
nitrogen supply) and under these treatments high respiration was not as- 
sociated with a high sugar content but rather with a high concentration of 
amino acids. The relatively low respiration of high-carbohydrate Lemna 
plants when grown under conditions of low nitrogen supply was similarly 
observed by WuitTe and TempLeMAN (23). Discussing later experiments 
concerned with the effect of phosphorus nutrition on the composition and 
respiration of barley leaves, RicHarps (15) stressed mainly a supposed re- 
ciprocal relationship between carbon dioxide output and protein content. 
This relationship is regarded from a novel standpoint: not from the more 
familiar and old idea that protein is a measure of the total active substance 
capable of respiration, but from the converse standpoint that a certain 
fixed and continuous production of carbon dioxide is required to maintain 
a given amount of protein. 

The results of the experiments on the effect of salts and oxygen on potato 
dises agree with the recent work on barley plants, in so far as respiration is 
not determined by sugar concentration. The behavior of potato dises sug- 
gests, however, that neither the concentration of amino acids nor of protein 
regulates the respiration rate and that the portion of the total carbon di- 
oxide output which is linked with nitrogen metabolism is determined by the 
conversion of amino acids to protein. There is as yet no evidence for potato 
dises which indicates that the concentration of amino acids regulates protein 
synthesis (13) ; on the contrary, it appears to be regulated mainly by other 
factors (oxygen tension and the presence of inorganic cations) which de- 
termine the activity of systems in the cells that catalyze oxidation and also 
deaminate amino acids. PEARSALL and Bitirmortia (14) rightly emphasize 
the diversity of factors which govern protein synthesis in different species 
and the vital properties such as age in the case of leaves. 

Both the system investigated and the method of approach of Gregory 
and his associates differ in important respects from the case of aerated po- 
tato dises in salt solutions and, therefore, too close a parallel should not be 
drawn. Grecory and his co-workers modified the composition of their 
plants by nutritional means and, after steady states were established, the 
respiration rates were determined during periods so short that the com- 
position of the leaves did not change appreciably. The rates observed were, 
therefore, regarded as regulated by the initial composition. Actual changes 
in the nitrogenous fractions associated with a given amount of carbon di- 
oxide respired were apparently not investigated. In fact, it is implicit in 
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the scheme suggested that for the steady state net changes in the nitrog- 
enous fractions would not be observed but that nevertheless the carbon 
dioxide output would be regulated by the continuous cycle of protein syn- 
thesis, breakdown, and resynthesis. The rate of the postulated cyclical 
process was conceived to be regulated apparently by the steady concentra- 
tions of the nitrogenous compounds of the cells caused by the nutritional 
treatments applied. 

During development and storage the potato tuber does attain a steady 
level of soluble nitrogen compounds—a level which in Grecory’s scheme 
might appear as the resultant of balanced tendencies to synthesis and break- 
down. The conditions which obtain in the aerated cut dises, however, so 
encourage synthesis that any hypothetical tendency to simultaneous break- 
down is masked and evidence of a continuous cycle of nitrogen metabolism is 
lacking. Under such conditions it is the new external conditions imposed 
which determine the response of the cut dises and their initial uniform com- 
position, with reference either to salts or metabolites is not a determining 
factor. In fact, in so far as the metabolism is regulated by salts, it seems 
that during entry these have access to more potent spheres of influence than 
the ions already stored in the cells since their effects are disproportionately 
large relative to the amounts actually absorbed. This is in harmony with 
the idea—inescapable from these investigations—that salt uptake and pro- 
tein synthesis of potato discs are processes which are linked together. 

Protein breakdown is a conspicuous feature of mature leaves (14), 
especially of monocotyledons which are incapable of further growth; in the 
aerated potato discs, however, synthesis may be long maintained. In short, 
the nitrogen metabolism of the rapidly metabolizing cells of the potato dises 
does not appear as a cyclical process in which the rate is regulated by the 
steady concentrations of the components as envisaged by Gregory and SEN 
(3), but rather as a linear one in which there is a progressive gain of 
protein at the expense of a reserve supply of amino acids and a steady state 
is not established. Other data show that this condition may be long main- 
tained—in fact until most of the soluble nitrogen is converted to protein.*® 
Potato cells are able to grow quite effectively in contrast with isolated or 
mature leaves of grasses. For this reason, considering the relation of respi- 
ration to nitrogen metabolism, greater emphasis must be placed upon the 
one-way process of synthesis than upon a hypothetical cycle of balanced 
synthesis and breakdown since the former can be demonstrated. It may be 
assumed with confidence that similar considerations will apply to other ae- 
tively growing cells. The chief charm of the cyclical explanation is the 
ease with which, at some point, it can be adapted to demands made upon it; 


16 Thin potato dises in air will increase in protein content until this equals over 
60 per cent. of the total nitrogen. 
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but this should not obscure the fact that it stands or falls by the evidence 
for the continuous cycle of protein synthesis and breakdown. It is pre- 
cisely in those cases where cells are no longer able to grow*' that the evidence 
for continuous breakdown must appear strongest. Also in the case here 
described nitrogen metabolism and respiration alike are regulated not by 
the concentrations of any nitrogenous or carbohydrate components of the 
tissue but by those external variables (oxygen and salt supply) which limit 
the extent to which the cells exercise their evident capacity for synthesis. 
This capacity is determined ultimately by the vital properties of the system 
concerned and not by the concentrations of any of the nitrogenous com- 
ponents. With these reservations, the views of Gregory and Sen go far 
toward a general explanation of the data herein presented. 

Accordingly, the interpretation of these results must rest upon a direct 
connection between protein synthesis and respiration. This connection be- 
comes credible when it is appreciated that the stored amino acids may not 
be directly used in protein synthesis but first liberate ammonia which, with 
products derived from sugar, generates protein. Such views impinge upon 
old, and still open, controversies regarding the true nature of the relation- 
ship of both respiration and amino acids to protein synthesis and break- 
down. Further reference should be made to the recent book by CBIBNALL 
(2) as extended reference to them is not possible here. The main con- 
clusions, however, can rest upon the demonstrable facts that carbon dioxide 
output and the utilization of amino nitrogen in protein synthesis are in- 
separably linked in potato dises. Furthermore, both processes are regu- 
lated by variables (oxygen and the presence of salts) which determine the 
activity in the tissue of an enzyme system which can liberate ammonia from 
amino acids in vitro. That the corresponding g-keto-acids thus liberated 
contribute to the carbon substrates from which the increased carbon dioxide 
output is derived is an hypothesis which can be justified at present only by 
its probability. 

The evident connection between protein synthesis and accumulation, 
which is the logical sequel to the parallelism between accumulation and 
growth previously noted, invites speculation on the mechanism of salt up- 
take. The obvious mode of approach is to postulate loose anion and cation 
combinations with the positive and negative ions of amphoteric amino acids, 
In this form the ions might be conducted across the protoplast only to be 
released into the vacuole when many of the acid and basic groups-disappear 

17 CHIBNALL (2) in his recent book concludes that some factor from the root, probably 
hormonic, regulates the protein level of attached leaves. This is another way of saying 
that the response of attached leaves as part of the integrated system of shoot and root is 
different from those detached—a difference which seems determined by their capacity to 


grow whether this in turn is regulated by hormones or other properties of the organized 
system of which they form a part. 
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with synthesis. Until the nature of such postulated compounds of salts 
with amino acids is exactly specified, until the milieu in which synthesis 
oceurs can be designated, and until the reason why the same mechanism 
does not equally conduct salts outward is clear, any attempt to build a 
theory of salt uptake on such premises is unwarranted. 

Without the implication of the importance of synthesis Brooks (1) has 
postulated anion and cation combinations with the proteins of the proto- 
plasm, in which phase he believes the primary accumulation occurs. 
LUNDEGARDH (9) envisages the entry of anions (A) in combination with 
unspecified organic bases (R) and the essential stage of accumulation to 
occur at the inner surface when the compound (RA) activates the break- 
down of glucose. While it may seem that there is a common element in 
these three views it must be clearly recognized however, that all such facile 
speculation is premature. Despite the evident effects of salt concentration 
on total uptake, protein synthesis, and respiration direct quantitative rela- 
tions between them are elusive. In fact, it appears from a consideration 
of the results that such cannot be expected. The essential point is that 
accumulation in potato discs occurs only if protein synthesis takes place 
but mere passive absorption to equality of concentration can occur irre- 
spective of protein synthesis. It remains for future work to specify more 
closely the contact between salt accumulation and the aerobic synthesis of 
protein from amino acids and to distinguish between effects which are due 
to the energy value of the extra respiration thus stimulated, effects which 
could be produced by any other substrate of aerobic respiration; and those 
which are peculiarly dependent on protein synthesis because of some essen- 
tial reactions which this entails. 


Summary 


1. The effect of a range of salt concentrations on respiration and metab- 
olism of potato dises is described. The experiments were carried out under 
controlled conditions conducive to salt accumulation. The salts used were 
bromides, chlorides, and nitrates of potassium; and calcium and potassium 
sulphates. The carbon dioxide output of the dises and the effect of the 
treatment on carbohydrate, soluble nitrogen fractions, amino and amide 
nitrogen, ammonia, and protein nitrogen were determined. 

2. The effects of salt concentration on starch hydrolysis are slight. The 
tendency is for increased concentration of potassium salts to decrease and 
calcium salts to increase starch hydrolysis. This is the converse of the 
more important effect of salts on all the processes which involve oxidation. 

3. Increased external concentration of potassium salts increases respira- 
tion and all other reactions which are favored by oxygen, whereas cor- 
responding concentrations of the calcium salts with a common anion depress 
these processes. 
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4. The salt concentrations which induce high respiration do not produce 
high sugar content. High rates of respiration and lower sugar content 
obtain in the tissue exposed to strong potassium salts and the converse is 
true of the dises treated with calcium salts. Sugar concentration does not 
determine respiration. 

5. The effective ions of the salts are the cations. The specifie effects of 
the cations are accentuated by the anions and these, like the contrast be- 
tween the effect of potassium and calcium salts at the same equivalent con- 
centration, are influenced by the anions in the order NO, > Cl > Br > SO, 
which is also the order in which they influence absorption of a common 
cation. 

6. The effects of salts on respiration are closely connected with their 
effect on protein synthesis from stored amino acids. Potassium salts stimu- 
late, calcium salts depress both processes. 

7. In potassium nitrate solutions the bulk of the nitrate absorbed passes 
via amino acid to protein. In calcium nitrate solutions less nitrate is 
absorbed, much less of it appears as protein and the nitrogen metabolism 
is diverted from amino acids to amide and ammonia. 

8. Only the protein synthesis which proceeds from amino acids is linked 
to respiration. The contact between protein synthesis and respiration 
seems to be the oxidative deamination of amino acid. Amino acids do not 
yield protein directly but are first deaminated; they then release ammonia 
and a carbon residue (probably keto-acid) which contributes to the sub- 
strates of aerobic respiration. The activity of the oxidase system of potato 
which produces oxidizing agents which deaminate amino acids is stimu- 
lated by the salts that also increase protein synthesis. 

9. Amides, easily hydrolyzed at pH 6.5 in hot solutions, the stability 
of which is similar to that of glutamine, accumulate in the actively respir- 
ing tissue and appear to be the products derived from sugar and ammonia 
from which protein is formed. 

10. Protein synthesis and the aerobic respiration with which it is asso- 
ciated are the phases of the metabolism of potato dises most closely con- 
cerned with salt accumulation. Accumulation occurs even in strong (0.075 
equivalents per liter) solutions of potassium salts but in calcium salts of 
this strength, in which a net gain of protein is not produced, the absorp- 
tion of anions does not exceed equality with the external solution. 

11. The salt effects are exerted in centers accessible to salts being 
absorbed ; these centers, however, are inaccessible to salt merely present in 
the external solution or accumulated in the sap. 

12. The bearing of the results upon the present status of the problem of 
salt accumulation is discussed. The necessity for further work to elaborate 
the connection between salt absorption, protein synthesis, deamination of 
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amino acids, and the aerobic respiration with which it is associated, is 
emphasized. 
12. Comparison is made between the relation of respiration to nitrogen 
metabolism as revealed by work on mature barley leaves and potato dises. 
13. The data are discussed relative to LUNDEGARDH’s theory, to which 
exception is taken. 
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FOLIAR DIAGNOSIS STUDY OF CLIMATIC INFUENCES ON THE 
NUTRITION OF SPRING AND FALL GROWN 
GREENHOUSE TOMATOES' 


WALTER THOMAS AND WARREN B. MACK 


(WITH THIRTEEN FIGURES ) 


Introduction 


Up to the present, our studies on foliar diagnosis (4, 5, 7, 8, 9, 10) have 
been confined to the effect of fertilizers acting during a particular growing 
season. But the effect of a specific fertilizer element on growth and devel- 
opment is the resultant action of (1) the fertilizer itself and also (2) that 
of the medium ; that is, of the unfertilized soil together with the meteorolog- 
ical factors. 

The physical characteristics constituting the meteorological forces can 
influence growth and development, either directly by action on the aerial 
portions of the plant or indirectly by their effect on the chemical, biological, 
and physical condition of the soil. Accordingly, with respect to the chem- 
ical processes taking place in the leaf, there exists what may be conveniently 
designated a ‘‘chemism,’’ due to the impulse given by the fertilizer itself, 
and also a ‘‘chemism’’ due to the impulses given by the meteorological 
factors (1). 

Inasmuch as the same fertilizer element may result, in meteorologically 
different years, in giving widely different developments and yields, it is 
necessary to postulate that the influence of a given fertilizer element on 
the mode of nutrition of a given species is different in meteorologically 
different years or seasons. 

Experimental evidence in support of such an hypothesis has been estab- 
lished (1), the theoretical considerations for which are deduced in terms 
of the concepts of the method of foliar diagnosis and applied to the con- 
ditions of the present investigation in the experimental part of this paper. 

The purpose of this investigation is to obtain information on the relative 
magnitude of the differences in the foliar diagnosis of a particular plant 
species and variety subjected to differential fertilizer treatment under such 
extreme differences in the climatic conditions as exist in the spring and fall 
of a particular year. Under the particular conditions of this experiment 
the principal differences in climatic conditions are those due to differences 
in intensity and daily duration of light in the spring and in the fall, 
respectively. 

1 Authorized for publication as Paper no, 953 in the Journal Series of the Pennsyl- 
vania Agricultural Experiment Station. 
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Materials and methods 


Descriptions of the experimental lay-out and methods of culture have 
been given previously (2, 10). For purposes of orienting the reader the 
following facts pertinent to the experiment are given. 

The plots, twenty in number, were 5% feet wide by 8 feet long and con- 
tained 12 plants each. The soil was a composted clay loam about 14 inches 
deep lying over a clay loam subsoil and was supplied with lines of 4-inch 
drain tiles, 12 inches below the surface and 27 inches apart. The fertilizer 
treatments, shown in table I, consisted of single elements, combinations of 
two elements, and also of all three elements, one series with and another 
without manure. Nitrogen was supplied in the form of sodium nitrate 
equivalent to 42.1 gm. of N to each plot;? phosphoric acid in the form of 


TABLE I 


PLOT NUMBERS WITH TREATMENTS AND YIELDS OF FRUIT 

















YIELD 
PLoT TREATMENT SYMBOL 
SPRING | FALL 
lb. | lb. 
10R Nothing | Cheek 88.1 54.7 
10L Manure | MM 113.2 63.2 
12L NaNO, | N 644 | 546 
12R NaNO, + manure | N+M 121.9 60.1 
14L Superphosphate P 43.3 | 64.9 
14R Superphosphate + manure P+M 113.5 53.6 
16L NaNO, rD . hak 
Superphosphate wa 30.9 70.2 
16R ‘as + manure NP+M 117.9 71.3 
18L NaNO, NK 956 | 27 
KCl NK 95.6 67.3 
18R $4 + manure NK+M 120.5 68.1 
20L Superphosphate wee 08.8 | — 
KCl PK JS. 10.5 
20R_ si s + manure PK +M 129.3 85.2 
2R NaNO, 
| Superphosphate NPK 113.8 60.7 
| KCl 
2L es + manure NPK+M 121.8 65.1 
4R | NaNO, 
| Superphosphate (2N)PK 107.3 62.3 
| KCl 
4L es + manure (2N)PK+M 115.5 67.1 
8R | NaNO, 
| Superphosphate (RN) PK 104.5 62.6 
| KCl 
8L ‘6 + manure (RN)PK+M 120.5 60.9 


2 Plots 4R and 4L received twice this amount of N and plots 8R and 8L, biweekly 
additions of the unit quantity of N. 
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superphosphate equivalent to 125.2 gm. of P.O; per plot, and potash as the 
muriate, equivalent to 43.1 gm. of K,O per plot, were applied just before 
planting. These applications are equivalent to 500 Ib. of NaNOs, 1250 Ib. of 
superphosphate, and 350 lb. of muriate of potash to the acre. 

Manure applications consisted of 110 lb. of rotted horse manure per plot 
(about 50 tons to the acre) spaded into the soil just before steam pasteuriza- 
tion, preparatory to the planting of the fall crop. The amounts of manure 
applied to each plot contained 422.1 gm. of N, 274.9 gm. of P.O;, and 345.8 
gm. of K,0. The plants, which were grown from Pennsylvania certified seed 
of the Marglobe variety, were transplanted from 4-inch pots into the beds on 
March 9 for the spring crop and on August 15 for the fall crop. 

Pollination was by means of a watch glass applied to the stigmas of well- 
opened flowers. Up until the plants were about 4 feet tall they were sprayed 
with cuprous oxide suspension in water, at the rate of one pound of euprous 
oxide to 50 gallons of water, with a neutral wetting agent. Water was sup- 
plied by allowing it to run from a hose for the same length of time on each 
plot. Fruits were harvested when well-colored, and were weighed imme- 
diately. The treatment given to each plot is shown in table I. 

Temperatures were maintained according to the usual practice in commer- 
cial greenhouses ; from 60° to 65° F. at night, 65° to 70° on cloudy days, and 
approximately 75° on clear days unless the temperature rose above these 
ranges without artificial heat and with the ventilators open. The average 
daily mean temperature, computed from continuous thermograph records, 
was 74.8° for the spring crop and 73.5° for the fall crop. 


Results 
The yields obtained from the spring and fall crop, respectively, are shown 
in table I, and the percentages of nitrogen, phosphoric acid, and potash in the 
dried foliage at the three dates of sampling, together with the milligram 
equivalent values and the composition of the NPK-units, are shown in table 
IT and presented graphically in figures 1 to 12. 


Discussion of results 


COMPARISON OF THE YIELDS FROM EACH TREATMENT UNDER SPRING AND FALL 
CLIMATIC CONDITIONS 


In the manured series the yield from a particular plot is always much 
greater in the spring than in the fall; in the majority of treatments it is 
about twice as great in the spring. 

In the unmanured series the yield from a particular plot is also higher 
in the spring than in the fall except in two treatments, [P|] and [NP], that 
resulted in a severe attack of fusarium wilt of tomato in the spring. In the 
unmanured series, however (with the exception of the plots mentioned), the 
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126 PLANT PHYSIOLOGY 


differences between the yields in the two seasons from a particular treatment 
are not so great as the differences existing in the manured series. 

Furthermore, the range of differences in yields from different treatments 
is much greater in the spring than in the fall. 


THE COURSE OF NUTRITION AS INDICATED BY THE VALUES OF THE PERCENTAGES 
OF NITROGEN, PHOSPHORIC ACID, AND POTASH IN THE DRIED FOLIAGE 
AT THE THREE DATES OF SAMPLING 


These values are recorded in the second, third, and fourth columns, 
respectively, of table II and are shown graphically in figure 1. 


COMPARISON OF THE GRAPHS OF EACH TREATMENT UNDER SPRING AND FALL 

CONDITIONS RESPECTIVELY.—In both the manured and the unmanured 
series the nitrogen graph of a particular plot in the fall is always much 
above that of the same plot in the spring; this indicates that demand is 
greater relative to supply in the spring than in the fall. 

At the first date of sampling the graph for the potash in the fall is fre- 
quently lower than that of the same plot in the spring; this is true of the 
[nothing], [N], [NK], [(2N)PK], and [(RN)PK]| treatments in the un- 
manured series and of |m], [NP +m], |[PK+m], and [NPK+m] in the 
manured series. At the second sampling, with increasing age of the leaves, 
however, the graph for potash of a particular plot in the fall is above that 
of the same plot in the spring with four exceptions: nothing and [| (2N) PK] 
in the unmanured series, and [NK +m] and | (RN)PK +m] in the manured 
series; this condition holds for the third sampling also. These relations 
probably indicate that utilization of potash, or demand in relation to supply, 
is less in the fall than in the spring. 

In the case of the phosphoric acid graphs no consistent relationship is 
apparent between the positions of the graphs of a particular plot in the 
spring and fall. 

The nitrogen graphs in all cases and the potash graphs in all except 
[manure] in the third period in spring and {|NK +m] in the fall descend 
with increasing maturity of the leaf. Furthermore, with the exception of 
the potash graphs of those plants that were non-resistant to fusarium wilt, 
[P] and [NP], they are steeper in the spring than in the fall; this indicates 
greater demand relative to supply for nitrogen and potash during the spring 
season. 


On the other hand, the graphs of phosphoric acid ascend, in most cases 
progressively with increasing maturity of the leaf, in both spring and fall 
in every treatment, thus indicating that the supply of this element relative 
to demand of the growing plant is greater irrespective of the season. Since 
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this phenomenon also occurs to a striking degree in the check plot (plot no. 
10R) which has received no fertilizer and no manure, and, moreover, is at a 


Sampling Periods 
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Fig. 1. Changes during the growth cycle in the content of N, P,O;, and K,O in the 


fifth leaf in the spring and also in the fall of plants of the manured and unmanured 
series receiving the treatments indicated. terms of the dried 
foliage are the ordinates and dates of sampling are the abscissae. 


Percentage values in 


relatively high level, one must conclude that this composted soil is able to 
supply phosphoric acid at a relatively 
spring season. 


rapid rate, especially during the 
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THE COURSE OF NUTRITION AS INDICATED BY THE VALUES OF THE INTENSITIES OF 
NUTRITION AND THE COMPOSITION OF THE NPK-UNITS AT THE 
THREE DATES OF SAMPLING 


COMPARISON OF THE GRAPHS FROM EACH OF THE TREATMENTS UNDER SPRING 
AND FALL conpDITIONS. The general characteristics——With respect to 
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Fic. 2. Intensities of nutrition of the fifth leaf in the spring and also in the fall of 
plants of the manured and unmanured series receiving the treatments shown. Percentage 


values are the ordinates and dates of sampling are the abscissae. 
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the quantity factor of nutrition (4), in both the manured and unmanured 
series the intensity resulting from a particular treatment is higher in the 
fall than in the spring (fig. 2). 

Figures 3 to 11 show that the graph of a particular plot is displaced 
higher towards the summit (N=100 per cent.) of the triangle in the fall 
than in the spring and always during the latter part of the cycle; with few 
exceptions this holds throughout the cycle. The graph of a particular plot 
is, morever, with two exceptions shorter in the fall. 

Foliar diagnosis studies of field crops have indicated that absorption of 
phosphoric acid increased with increase in temperature. The higher tem- 
peratures prevailing in the greenhouse in the spring afford an explanation 
of the relatively smaller displacement of the locus of the co-ordinate of a 
particular plot from the right base apex (P.O, = 100) in the spring than in 
the fall. In the plots which received supplies of nitrogen larger than the 
unit amounts this phenomenon is masked by greater utilization of phos- 
phorie acid brought about by the increase in the nitrogen nutrition. 

The displacement of the graph of a particular plot with respect to the 
left base apex (K,O = 100 per cent.) is farther away from this apex during 
most of the cycle in the fall relative to the graph of the same plot in the 
spring. The notable exceptions (as might be expected) are the three treat- 
ments which, in the spring, resulted in diseased conditions—viz., [N] plot 
no. 12L, [P] plot no. 14L, and [NP] plot no. 16L. 

Mechanism of the action of a particular element in meteorologically dif- 
ferent years or seasons.—In the introduction to this paper it was stated that 
the fact that a fertilizer element resulted in different yields in meteorolog- 
ically different seasons suggested a search for the manner in which a particu- 
lar element acted in different seasons. Reasoning deductively from the 
principles established experimentally by means of the method of foliar diag- 
nosis (4), we can explore the possible mechanism. 

A particular fertilizer element, if effective, intervenes in the nutrition 
of a plant to effect an increase of this element either: (1) in the magnitude 
(N+ P.0, + KO), i.e., the intensity of nutrition; or (2) in the composition 
of the NPK-wnit, 1.e., in the equilibrium between N—P,.O; — K.O; or (3) in 
both (1) and (2) simultaneously. Except, therefore, in the case of inhibi- 
tion by the roots, the nutrition with respect to this element will be greater 
in the leaves of plants growing on a plot which received this element than 
in those of a plant growing on a plot that did not. Translating this in terms 
of the positions of the respective co-ordinate points on the equilateral tri- 
angle at the first sampling date, we should find that (if for example nitrogen 
is the particular element under consideration) the co-ordinate point of the 
plot treated with nitrogen would be displaced nearer to the summit (N = 
100 per cent.) than that of the untreated plot. 
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After this first sampling, consideration must be given to the respective 
rates of nitrogen nutrition (3), or, translated in terms of trilinear co- 
ordinates, to the direction within the triangle which the respective graphs 
take. 

Two possibilities may occur according to the climatic conditions to which 
the plants are subjected. In the one case, the action of the meteorological 
factors may be such as to cause the element (nitrogen in the case considered ) 
to play a major role relative to phosphoric acid and potash; this result 
would be reflected by an ascent of the graph towards the summit of the tri- 
angle with progressive increase in the maturity of the leaf. 

The addition of a fertilizer containing nitrogen, if effective, would act 
to cause a greater increase of nitrogen in the NPK-unit and would be trans- 
lated in the trilinear coordinate graphs in an appropriate manner by a 
displacement towards the summit. 

In the second ease, it is possible that the meteorological conditions may 
be such as to cause the element (we are considering nitrogen) in the unfer- 
tilized soil to play a minor role relative to phosphoric acid or potash. This 
would be translated by a progressive descent of the graph, with increasing 
maturity of the leaf, from the summit (N=100 per cent.) of the triangle. 
In this case the addition of a fertilizer element (nitrogen in the case con- 
sidered) would act to oppose this descent, but would not necessarily cause a 
reversal nor even operate to nullify the declining tendency completely. 

The action of the fertilizer element would result in producing different 
yields under the two sets of meteorological factors considered; this action 
would be favorable when the resultant effect is to cause an approach toward 
the optimum relations with respect to this element, and unfavorable when 
the effect is to cause a recession from the optimum. 

We can apply the reasoning of the preceding paragraphs to ascertain 
the influence of the two sets of climatic conditions prevailing in the green- 
house on the réle of nitrogen, phosphoric acid, and potash, respectively, in 
the unfertilized (composted) soil. 

The influence of the climatic factors on the role of nitrogen, in both 
spring and fall, in the unfertilized (composted) soil, is such as to cause the 
respective graphs to descend progressively with maturity of the leaf in each 
season. In this respect, then, nitrogen plays a relatively secondary role 
under both climatic conditions, since the rate of supply of nitrogen to the 
plant is insufficient to prevent a rapid descent of the graph from the summit 
of the triangle with increasing age of the leaf in either season (fig. 3). 

The addition of nitrogen fertilizer (plot no. 12L) in the spring has 
caused an increase in the nitrogen value of the intensity—percentage of 
(N+P.0;+K,0O) in the dried foliage—throughout the whole cycle; but 
nitrogen additions in the fall have increased this constituent of the inten- 
sity factor only during the latter part of the cycle and feebly even then. 
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The effect of nitrogen additions under spring and fall conditions, respec- 
tively, on the changes in the physiological ratios, 7.e., in the NPK-units, 
with increasing age of the leaf is shown graphically in figures 3 and 4. 
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Fig. 3. Changes during the growth cycle in the N—P.O;-K,O equilibrium of the 
fifth leaf in the spring and also in the fall of plants growing on the manured plot (no. 


10L) and unmanured plot (no. 10R) receiving no fertilizer. Only a part of the triangle, 
the sides of which equal 100 is shown. 





Under the climatic conditions prevailing during spring, additions of nitro- 
gen have caused a displacement of the graph towards the summit (N= 100 
per cent.) ; as the relative length of the graphs of the unmanured plots 10R 
and 12L in the spring show, the added nitrogen has prevented the rapid 
descent without, however, being able to nullify it. 

The addition of nitrogen in the fall has not affected much change in the 
displacement of the graph from that of the unfertilized plot at this season. 
Hence in the fall, the effect of added nitrogen on the N-P.O; — K,0 equilib- 
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rium is almost nil; its effect is not sensibly different from the effect of the 
nitrogen of the unfertilized soil acting alone in the fall, as the similarity of 
the forms and positions of the graphs of the unmanured plots no. 12L and 
no. 10R indicate. 

The graphs of the unfertilized plot no. 10R approach progressively 
(with increasing age of the leaf) towards the right base apex (P.O; = 100 
per cent.) in the fall as well as in the spring; the rate of increase, however, 
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Fie. 4. Changes during the growth cycle in the N—P.O;-K,O equilibrium of the 
fifth leaf in the spring and fall of plants growing on the manured and unmanured plots 
receiving nitrogen fertilizer (plots no. 12R and no. 12L, respectively). 


is less under the former conditions (fig. 3). The influence, therefore, of the 
climatic conditions prevailing in the greenhouse on the role of phosphoric 
acid of the unfertilized soil is similar in both spring and fall, and acts in 
such a manner as to cause this element to play a major role relative to 
nitrogen and potash. 

The addition of superphosphate (plot no. 14L,) has caused a decrease of 


this element in the magnitude intensity (N + P.O; + K.O) in the spring and, 


except during the early portion of the cycle, in the fall also. 
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The effects of the addition of superphosphate alone, in both the spring 
and fall, on the quota part of this element in the NPK-unit, with increasing 
maturity of the leaf, is remarkably small in consideration of the relatively 
large amounts of superphosphate added (fig. 5). This is shown by the small 
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Fig. 5. Changes during the growth cycle in the N—P,.O,-K,O equilibrium of the 
fifth leaf in the spring and also in the fall of plants growing on the manured and unma- 
nured plots receiving superphosphate (plots no. 14R and no. 14L, respectively). 





displacement of the graph of 14L towards the right base apex relative to 
that of 10OR. Thus at the first sampling date the values of the quota parts of 
phosphorie acid of the unfertilized plot and that of the plot which received 
superphosphate differ only by 1.09 and 0.26 units, in spring and fall, respec- 
tively. Under fall conditions the graph of the phosphate plot is much 
shorter relative to that of the unfertilized soil, indicating relatively lower 
utilization. 

There is no plot receiving only potash in this experiment. Inasmuch as 
the reciprocal effects between potassium and phosphorus are, in general, not 
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large (2), the [PK] plot (no. 20R) can be used to examine the effects of 
meteorological conditions on the action of the element potash. 

The graphs of the unfertilized plot (no. 10R) show that during both 
spring and fall the changes in the displacements of the NPK-units with in- 
creasing age of the leaf are small (fig. 3). In both seasons the graphs move 
progressively away from the left base apex (K.0=100 per cent.) with 
increasing age of the leaf. 

The addition of potash (plot 20R) has caused an increase in the value of 
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Fig. 6. Changes during the growth cycle in the N—P,O,-K.O equilibrium of the 
fifth leaf in the spring and also in the fall of plants growing on the manured and unma- 
nured plots receiving nitrogen and superphosphate (plots no. 16R and no. 16L, respec- 
tively). 


this element in the magnitude intensity (N+ P.0;+ K.O) throughout the 
whole cycle in both seasons, and also has produced a marked displacement 


towards the left base apex (K,0=100 per cent.) of the graph of the plot 
which received potash (fig. 8), relative to that of the unfertilized plot (fig. 
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3). The addition of potash, however, has not been sufficient to nullify the 
decline with increasing age of the leaf in the quota part of this element. 
The mean value of the intensities of nutrition and of the NPK-units re- 
sulting from each treatment under spring and fall conditions, respectively. 
—The mean of the values, at the three sampling dates, of the intensities and 
of the NPK-units, respectively, for each treatment represents the resultant 
of the values during the growth cycle, and, consequently, simplifies consid- 
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Fig. 7. Changes during the growth cycle in the N—P.O,;-K,O equilibrium of the 
fifth leaf in the spring and fall of plants growing on the manured and unmanured plots 
receiving nitrogen plus potash (plots no. 18R and no, 18L, respectively). 


eration of the relationship of the effects of the treatments under the two 
seasonal influences. 

The mean values of the intensities are given in the fourth column of 
table III and the mean NPK-wnits in the fifth column; the latter are shown 
graphically in figures 12 and 13 by means of a point which represents the 
center of gravity of the corresponding detailed diagrams (figs. 3-11). 
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TABLE III 


THE RELATION OF THE MEAN INTENSITY AND MEAN NPK-UNIT OF THE FIFTH LEAF IN THE 
SPRING AND FALL TO YIELDS OF PLANTS RECEIVING THE TREATMENTS 
INDICATED WITHOUT MANURE 
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TABLE III—(Concluded) 


THE RELATION OF THE MEAN INTENSITY AND MEAN NPK-UNIT OF THE FIFTH LEAF IN THE 
SPRING AND FALL TO YIELDS OF PLANTS RECEIVING THE TREATMENTS 
INDICATED WITH MANURE 
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The resultant intensity of a particular plot is higher in the fall season 
than in the spring in both the manured and the unmanured series, respec- 
tively. 

The quota for nitrogen in the NPK-unit is higher in every case in the 
fall than in the spring, and that for phosphoric acid and potash lower with 
a few exceptions. In the case of potash the deviation is explicable as the 
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Fic. 8. Changes during the growth cycle in the N—P,O,-K.O equilibrium of the fifth 
leaf in the spring and fall of plants growing on the manured and unmanured plots re- 
ceiving phosphate and potash (plots no. 20R and no. 20L, respectively). 





result of diseased conditions of the plants from the [N], [P], and [NP] 
treated plots in the spring (11, 12). 

Relation of positions on the triangle to yields under spring and fall con- 
ditions —The higher yields in the spring season from a particular treatment 
are associated in the manured series with a displacement of a co-ordinate 
point in the spring relative to that in the fall further away from the summit 
of the triangle (N=100 per cent.), further towards the left base apex 
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(K,O = 100 per cent.), and (except in two cases) further towards the right 
base apex also (P.O; = 100 per cent. ). 

In the unmanured series in those plots in which the yield of fruit was 
higher in the spring season than in the fall the displacement of a co-ordinate 
point in the spring relative to that of the corresponding co-ordinate point 
in the fall is further away from the summit (N =100 per cent.), further 
towards the right base apex (P.O; = 100 per cent.) and further towards the 
left base apex (K,O = 100 per cent.). 
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Fie. 9. Changes during the growth cycle in the N—P,O,—-K,O equilibrium of the fifth 
leaf in the spring and fall of plants growing on the manured and unmanured plots receiv- 
ing nitrogen, phosphate, and potash (plots no. 2L and no. 2R, respectively). 








In the two plots in the unmanured series in which a given treatment re- 
sulted in a lower yield in the spring than in the fall, namely plots [P] no. 
14L and [NP] no. 16L, the lower yield obtained in the spring season is asso- 
ciated with a displacement of the coordinate point in the spring relative to 
that in the fall away from the summit of the triangle (=100 per cent.) 
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further towards the right base apex (P.O; = 100 per cent.) and further away 
from the left base apex (K,O = 100 per cent.) 


Summary 


Tomatoes were grown in the spring and fall, respectively, of the year 
1938 under the environmental conditions prevailing in a greenhouse. 


Plot4R Plot 4l 


(CN)/PK (2N)IPK+m 
“a Sa “2° Spring —O=— 
b= = - <A 60 fall eee ee eeqdees 














75 


70 

















of et Se 7 = 50 
25 3O 35 40 45 
P05 te: Sie a > 


Fig. 10. Changes during the growth cycle in the N—P,O;-K,O equilibrium of the 
fifth leaf in the spring and fall of plants growing on the manured and unmanured plots 
receiving twice the unit amount of nitrogen plus phosphate and potash (plots no. 4L and 
no. 4R, respectively). 








20 


The fertilizer treatments in each season consisted of two series: one with 
manure dressings and the other without. Both series received commercial 
fertilizer amendments consisting of a single element on certain plots and 
combinations of two and also of all three elements nitrogen, phosphoric acid, 
and potash on others. 

In the manured series the yield of a particular plot in the spring was in 
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most cases twice that of the same plot in the fall. And, except in the case of 
plots receiving the treatments (1) phosphate alone and (2) phosphate plus 
nitrate without potash (on which the plants growing in the spring were non- 
resistant to an attack of fusarium wilt of tomato) the yields of the unma- 
nured series were also greater in the spring than those of the same plots, 
respectively, in the fall. 
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Fig. 11. Changes during the growth cycle in the N-P,O,-K,O equilibrium of the 
fifth leaf in the spring and fall of plants growing on the manured and unmanured plots 


receiving biweekly additions of nitrogen together with phosphate and potash (plots no. 8L 
and no. 8R, respectively). 


The foliar diagnosis of the fifth leaf from the base shows the following 
characteristics, the significance of which is discussed. 

The intensity of nutrition resulting from a given treatment is always 
higher in both series in the fall. 

The quota of both nitrogen and potash in the NPK-unit (N—P,O,;—-K,0 
equilibrium) decreases progressively with increasing age of the leaf in both 
series during both spring and fall. The value (quota part) for nitrogen 
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for a particular plot is higher and that for potash is lower during most of 
the cycle in the fall than in the spring. 

The quota of phosphoric acid in the NPK-unit increases progressively 
with increasing maturity of the leaf in both series during both seasons. 
With exceptions noted, the value (quota part) for phosphoric acid in the 
NPK-unit for a given plot is less in the fall than in the spring during the 
latter part of the cycle. 
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Fig. 12. Relative positions of the mean NPK-units of the fifth leaf in the spring 
and fall respectively of plants growing on the plots indicated (unmanured series). 


The mechanism of the action of a particular fertilizer element in dif- 
ferent (meteorological) years or seasons is deduced in terms of the estab- 
lished coneepts of foliar diagnosis, and is applied in the present experiment 
to the examination of the effect of the meteorological conditions prevailing 
during the spring and fall seasons, respectively, on the réle of nitrogen, 
phosphorie acid, and potash in the unfertilized soil. 
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Whereas, in the spring, the addition of nitrogen has caused an increase of 
this element in the value of the intensity of nutrition ; under fall conditions, 
the inerease occurs only during the latter part of the cycle and is feeble even 
then. The addition of potash has produced a marked increase in the value 
of this element in the magnitude intensity in both spring and fall. The ad- 
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Fie. 13. Relative positions of the mean NPK-units of the fifth leaf in the spring 
and in the fall respectively of plants growing on the plots indicated (manured series) 





dition of phosphoric acid, on the other hand, has led to a decrease of this 
element in the magnitude intensity during the latter part of the cycle in 
both seasons. 

Compared with the plants growing on the unfertilized plot the addition 
of nitrogen has caused a marked increase in the quota of nitrogen in the 
NPK-unit in the spring but has little effect in the fall. Potash additions 
also have caused a marked increase in the quota of this element in the NPK- 
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unit in both spring and fall; but the addition of phosphoric acid has had 
relatively small effect. 

The higher yields of a given treatment in the spring compared with that 
from the same plot in the fall are associated with a lower value for the quota 
of nitrogen and also for phosphoric acid in the composite NPK-unit, and a 
higher value for potash. 
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EFFECT OF THE FORM OF THE AVAILABLE NITROGEN ON THE 
JALCIUM DEFICIENCY SYMPTOMS IN THE BEAN PLANT 


JOHN SKOK 


(WITH THREE FIGURES) 


Introduction 


Calcium has been found to be one of the most important mineral ele- 
ments needed for normal plant growth. In its absence plants exhibit very 
severe deficiency symptoms usually very early and if calcium is withheld 
further, death always results. NIGHTINGALE ef. al. (7) made a detailed 
study of the responses of the tomato plant to calcium deficiency. The reason 
that calcium deficiency has a more severe effect on a plant than the deficiency 
of almost any other single element is probably in part because calcium has 
been found to have many functions in growth and development. These 
various roles of calcium will not be discussed here, with the exception 
of one: the effect of calcium on nitrogen metabolism, as it is directly con- 
cerned with this report. 

After Eckerson (2) devised a method for measuring reductase activity, 
the plant’s capacity to reduce nitrates to nitrites, which is the first phase of 
protein synthesis, she later studied the conditions which affect nitrate reduc- 
tion and found calcium among other things to be essential (3). Other 
workers have also found that calcium malnutrition impairs normal nitrogen 
metabolism. BurRELL (1) found soybeans grown without calcium to aceumu- 
late nitrates in the leaves, and to have a much smaller amount of insoluble 
and amino acid nitrogen than plants grown with calcium; he believes this 
condition is brought about by reduced nitrate reduction. GINSBURG and 
Suive (5) on the other hand, also working with the soybean believe that 
calcium has no effect on the protein content. Hresparp and Gricssy (6) 
found calcium-deficient peas to contain smaller amounts of protein than the 
control plants but believe this is caused by the general disturbance of the 
plants rather than by the lack of any particular element. Presenting 
ealcium and nitrogen analyses of a large number of plants PARKER and 
Truoa (8) found a very close correlation between the calcium and nitrogen 
content. 


If minus calcium plants lose their capacity to reduce nitrates and syn- 
thesize proteins, they are essentially minus nitrogen as well as minus calcium. 
The typical calcium deficiency symptoms then must be caused by both of 
these factors. 

The question as to just what symptoms would develop with calcium 
deficiency if nitrate reduction were made unnecessary, prompted these 
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experiments in which a reduced form of nitrogen was supplied to the 
plants, and compared to those receiving oxidized nitrogen. 


Materials and methods 


The plant used in this study was the Dwarf Red Kidney bean, Phaseolus 
vulgaris. The seeds were planted in flats of unused quartz sand receiving 
only distilled water and allowed to germinate and grow in the greenhouse. 
After about 7 days plants of uniform size were transplanted to 1.5-liter 
glazed earthenware pots filled with unused quartz sand. The holes in the 
center of the pots were covered with small amounts of glass wool to insure 
good drainage, and to keep the sand from washing through. Two plants 
were planted in each pot. One day after transplanting (8 to 9 days after 
planting the seeds) the plants received the first application of nutrients, 
and every second day thereafter. Merck’s reagent quality chemicals were 
used for all solutions. The reduced forms of nitrogen used in the first pre- 
liminary experiments were urea, and ammonia in the form of NH,Cl. 
Ammonia proved to be very toxic to the bean plant, causing severe burning 
of the leaves and eventual death. This symptom was clearly evident within a 
week after the first application. Concentrations of NH,Cl from 0.015 to 
0.0045 M were tested, and the nutrient solutions were run at pH 4.7 and 
6.0. Since all of these solutions containing ammonia proved to be very 
toxic, the remainder of the experiments were devoted to the use of urea as 
compared to NO; nitrogen. 

Only a few references can be found in the literature concerning the 
use of urea in growing plants. Pirscnte (9) grew several different 
plants in water culture supplying urea to some and expresses the opinion 
that urea can be changed to ammonia inside the plant independently of 
bacterial action. Yamacucni (10) grew corn seedlings in sterile culture 
with urea as a source of nitrogen. He reports that urea was absorbed 
and was a readily available source of nitrogen for plant growth. 

The following groups of plants were grown in each experiment: (1) 
+Ca, +NO,;; (2) —Ca, +NO;; (3) +Ca, +CO(NH.).; and (4) —Ca, 
+CO(NH.,)2. Twenty-eight to 30 plants were grown under each nutrient in 
each experiment. The minus-calcium plants received no calcium whatsoever 
at any time during their growth. 

Various concentrations of the salts making up the nutrient solutions 
were tried and one of the more dilute ones was finally chosen. An attempt 
was made to keep the MgSO, and KH.PO, rather low so that they would 
not become excessively toxic in the absence of calcium and over-emphasize 
the true calcium deficiency symptoms and yet not have them too low to be 
limiting for best growth. Gaucn (4) found magnesium to be very toxie in 
the absence of calcium, and by lowering it considerably the — Ca plants were 
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able to live longer, take up more NO, and other minerals and synthesize 
more materials including nitrogen compounds. 
The composition of the nutrient solutions used is given in table I. 






































TABLE I 
COMPOSITION OF NUTRIENT SOLUTIONS* 
REACTION MOLAR CONCENTRATION 
SoLUTION | OFSOLU- |- — —_—— - 

TION Ca(NO,), | NaNO, | CO(NH.), | CaCl, | KH,PO,| MgSO, 

pH "ye ae 
+Ca 
IA ices 4.7 0.0045 0.0025 | 0.001 
—Ca 
Sa 4.7 0.0045 0.0025 0.001 

| 

+Ca 
+CO(NH,). ... | 4.9 0.0045 | 0.0045 | 0.0025 | 0.001 
-Ca | | 
+CO(NHs)2 ~ | 5.1 | | 


0.0045 | 0.0025 0.001 











* All solutions also contain the following micro-nutrients: 0.5 p.p.m. B as H,BO,; 0.5 
p-p.m. Fe as ferric citrate; 0.5 p.p.m. Mn as MnCl; 0.5 p.p.m. Zn as ZnCl; and 0.125 
p-p-m. Cu as CuCl. 


Experimentation 


The experimental data here presented consists of a report of but 
two experiments, as the preliminary experiments conducted gave essentially 
the same results. 

Experiment I was started in June, 1939, and the plants were harvested 30 
days after planting, about the time flower buds began to appear. Experi- 
ment II was set up in September, 1939, and the plants were allowed to grow 
to maturity, 52 days after planting. Wet and dry weights were taken 
of all plants, and photographs were taken of the plants in experiment II 
at the time of maturity and at the age of 30 days. Notes were kept on the 
appearance of the plants in the course of the experiment. No chemical 
analyses were made at this time. 

EXPERIMENT I.—About 15 days after time of planting, the —-Ca, + NO, 
plants showed definite symptoms. The plants were 12 to 15 em. tall and 
had less leaves than the + Ca plants. The old leaves were dark and the 
young leaves very chlorotic at this time. The +Ca, + NO, plants were 
15 to 20 em. tall, had more and larger leaves than the former group, and 
were grass green in color. The + Ca, + CO(NH.). plants were 12 to 15 em. 
tall, and were darker green in color than the + Ca, +NO, group. They 
had also fewer new leaves than this latter group; some of the older leaves 
were slightly yellow, and in some cases very slightly burned at the 
margins only. The —Ca, + CO(NH.,). plants at this time were 12 to 15 em. 
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tall, had fewer leaves than the + Ca, + NO, group, and the new leaves were 
a little smaller. The plants on the whole had a very good appearance and 
were exceptionally dark green. They had the darkest green color of the 
entire group. The new leaves also were very dark green (the new leaves are 
usually lighter than the old leaves). There was no burning of leaves nor 
injury of any kind at this time. The contrast of this group with the 
— Ca, + NO; group was very striking. 

Fifteen days later (30 days after planting) this series of plants was 
harvested. At this time flower buds had formed on all plants except the 
-—Ca, +NO,; group. The +Ca, + NO, plants were very vigorous, green 
and had a good development of roots which were yellowish brown in color. 
The —Ca, +NO; plants showed considerable injury. They were very 
chlorotic and the tips were completely dead. The roots were poorly de- 
veloped and had a dark brown color. The epidermis was loose and had been 
lost from most of the roots. The + Ca, +CO(NH,). plants were smaller 
than the + Ca, + NO, plants and not as vigorous. The leaves were paler 
green in color and some of the lower leaves were chlorotic. The roots 
were fairly well developed and very light in color, in fact the lightest of 
all four groups. The —-Ca, +CO(NH.). plants were still dark green in 
color, although thé lower leaves were somewhat burned and their tips 
beginning to die. The upper parts of the plants were in very good condi- 
tion with no injury to the growing tips. The roots were fairly well de- 
veloped and had a yellowish brown color and no loose epidermis. They 
were lighter in color than those of the + Ca, + NO, group and slightly darker 
than the + Ca,+CO(NH,). group. The appearance of both the top portion 
and the roots of the — Ca, +CO(NH.). group was decidely not characteristic 
of the usual — Ca symptoms. 

Data on the plants of experiment I are presented in table IT. 

EXPERIMENT II.—The plants in this experiment were grown under the 
same conditions as those in experiment I, but they were grown to maturity. 
The following description applies to plants at 19 days of age. The + Ca, 
+NO, plants were 25 to 27 em. tall, with large green leaves. The new 
leaves were lighter than the old leaves. The + Ca, + CO(NH,),. plants were 
23 to 26 cm. tall and were about like those in the former group except that 
the new leaves were not lighter than the old leaves. The —Ca, + NO, plants 
were 21 to 27 em. tall, and the upper leaves were rather pale (paler than 
those of the + Ca, + NO, group) and some had grayish spots. The plants 
in general were almost as tall as the + Ca, +NO,; group but were not as 
vigorous and had not attained as much growth. The —Ca, +CO(NH,),. 
group was 24 to 27 em. tall and very good in appearance. The plants had a 
dark green color; none of the leaves, including the new leaves, were light. 
The leaves were slightly smaller than those of the +Ca, + NO, group, but 
otherwise growth was about equal in both groups. 
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Thirteen days later (31 days after planting) photographs were taken 
of the plants in this experiment which are shown in figure 1. 

Following is a description of the plants at this date. The +Ca, + NO, 
plants were 40 to 60 em. tall, had large green leaves, and many flower buds. 
The + Ca, +CO(NH,). plants were 40 to 50 em. tall, and the leaves were 
smaller than those of the preceeding group. The leaves were also decidedly 
mottled, somewhat resembling either iron or magnesium deficiency. Many 
flower buds were present. The —Ca, + NO, plants were 25 to 30 em. tall 
and very poorly developed. The upper leaves were yellow, with gray and 
brown necrotic spots. All the leaves were small and a few poorly developed 
flower buds were present. The —Ca, +CO(NH,). plants were 30 to 45 
em. tall and their general appearance was rather good. Their color was 
still fairly dark green and many flower buds were present. Some leaves, 
however, at this time had become mottled with very small yellowish, grayish, 
to brownish spots. The veins, particularly, of some leaves were becoming 
discolored. The stems of some plants also showed small brown spots. 
Many of the younger leaves showed their first injury and discoloration at the 
veins and pulvinus region. This response was also observed by Gaucn (4). 
Most of the flower buds were rather well developed. 

Four days later (35 days after planting) the —- Ca symptoms of the — Ca, 
+CO(NH.,). plants, although much delayed as compared to that of the 
—Ca, +NO, plants, were becoming very evident and rather severe. The 
growing tips of a few plants were dead or dying and several of the leaves 
had become pale and developed grayish or brownish spots. The plants, how- 
ever, were still rather green with many uninjured flowers and in decidedly 
better condition than the — Ca, + NO, plants. 

Nine days later (44 days after planting) the following observations were 
made: The + Ca, + NO, plants had all set fruit, and were in good condition. 
The + Ca, + CO(NH,). plants had by this time developed very mottled and 
chlorotic leaves but the plants otherwise were fairly sturdy in appearance 
and were bearing fruit in about the same abundance as the plants in the 
+Ca,+NO, group. The upper portions of the —Ca, + NO, plants were all 
dead at this time and all their leaves were rather chlorotic. Some of the 
plants had flowered but none produced fruit. The — Ca, +CO(NH,). plants 
were in a much less severe condition. The very uppermost portion of the 
tips of slightly over half of the plants in this group were dead and the 
upper leaves were yellowed, some having grayish brown spots. The other 
leaves still had a rather dark green color, even though some of these same 
leaves had small spots. All the plants of this group had flowered, and several 
were bearing fruit. 

Eight days later (52 days after planting), these plants were harvested. 
Photographs were again taken at this time and are shown in figure 2. 
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Fie. 1. Experiment II. Plants at 31 days. 
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Fie. 2. Experiment II. Plants at maturity (52 days). 
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A brief description of the plants at this date follows: The + Ca, +NO, plants 
were about 60 cm. tall, had large leaves and bore many beans on each 
plant. The roots were well developed, and light brown in color. The 
leaves of the +Ca, +CO(NH.). plants were very chlorotic and smaller 
than those in the preceding group, and most of the lower leaves were 
dead. All of the plants produced fruit. The roots were well developed, 
and yellowish brown in color. They were just slightly lighter in color 
than those of the + Ca, + NO; plants. The —Ca, + NO, plants were very 
badly injured. The tops of all plants were dead and all the leaves, even 
the lowermost, were partially injured. None of the plants produced fruit. 
The roots were very poorly developed, and dark brown in color. The 
epidermis of the roots was loose, giving the roots a slimy texture. The base 
of the stem (lower hypocotyl!) was also dark brown and necrotic. The —Ca, 
+ CO(NH,). plants were much larger and in not nearly as severe condition 
as those deficient in calcium but receiving nitrate. The leaves had spots 
showing injury, but they still retained their dark, almost blue-green color. 
The tips of almost half the plants were still living. Fruit was produced by 
25 per cent. of the plants in this group (8 out of 32 plants). The fruit was 
small in most cases (largest bean pod produced was 7 em. long) and few per 
plant, but not entirely absent as in the case of the —Ca, + NO, plants. 
The roots were fairly well developed. There was considerably better growth 
than that produced by the — Ca, + NO, plants, but less than that produced by 
either of the + Ca groups. They were darker in color than those of the + Ca 
plants but considerably lighter than those of the —Ca, + NO, plants. The 
epidermis seemed in good condition and no slimy texture was evident. 
There were no necrotic areas at the base of the stem. 
Table III contains the data of experiment IT. 


Discussion 


From the results obtained in these experiments two things are evident: 
(1) Under normal conditions including the presence of calcium, urea is 
not as good a source of nitrogen as is the nitrate form for growth of the 
bean plant. (2) In the absence of calcium much better growth is made 
by the bean plant with urea than with nitrates. 

It was not determined what factors were responsible in producing poorer 
growth with urea in the presence of calcium than with nitrate. The reac- 
tions of the two solutions did not differ greatly, as is recorded in table I. 
The form of the available nitrogen, however, has a very pronounced effect on 
the calcium deficiency symptoms. With urea, the calcium deficiency symp- 
toms are much delayed and when they become evident they are very much 
less severe. The weights of the —Ca, +CO(NH.,). plants were about 60 per 
cent. greater than those of the —Ca, + NO, plants. The former plants pro- 
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duced fruit while the latter did not. Flowering and fruiting is very strik- 
ing for a minus-calcium plant. Equally striking was the good condition of 
the roots in the calcium deficient plants receiving urea. 

These experiments then may be considered as additional evidence that 
calcium has an important function in the utilization of nitrogen. The 
evidence is in agreement with EcKerrson’s findings that calcium deficient 
plants have a lowered reductase activity since the calcium deficient plants 
receiving urea, which is a reduced form of nitrogen, make much better 
growth than do those receiving nitrates. The calcium-deficiency symptoms 
of the plants receiving urea, then, are really truer symptoms which can be 
directly assigned to the lack of calcium. 

Since other elements, namely potassium, phosphorus, and sulphur, were 
also found to be necessary for normal reductase activity by Eckrerson (3), 
it may be entirely possibly that their deficiency symptoms may also be les- 
sened in severity with the use of urea. 

Calcium, of course, is also a building element and therefore cannot be 
eliminated entirely and still retain good growth. From evidence of an 
early preliminary experiment it seems that plants receiving urea may be able 
to carry on good growth with only small amounts of calcium. The plants 
in this preliminary experiment were grown in used sand which evidently 
contained small amounts of calcium, (the actual amount being unknown). 
The — Ca, + CO(NH.). plants grown to maturity produced almost as much 


fruit as the + Ca,+ NO, plants. This fact together with the results obtained 
in experiments I and II points to the possibility that with urea the usual 
amount of calcium used may be in excess and it may be the factor which 
causes poorer growth with a + Ca, + CO(NH.),. solution than with a + Ca, 





Fig. 3. Plants grown in used sand at 39 days. 
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+NO, solution. The plants shown in figure 3 were grown in used sand. 
They were photographed 39 days after planting. When they were 45 days 
old, the —Ca, +CO(NH.),. plants had produced 25 per cent. more total 
growth than the + Ca, + CO(NH,). plants. At maturity (53 days after 
planting) those receiving no calcium had produced 2.7 times as much fruit 
as those to which calcium had been added. 

More conclusive experiments are needed to elucidate the relationship 
of calcium to nitrogen metabolism. The minimum amount of caleium 
required for normal growth with nitrate and with urea should be known. 
The determination of the reductase activity of plus- and minus-caleium 
plants grown with urea and with nitrate might throw some light upon 
its relation to protein synthesis in the two different nitrogen series. De- 
terminations of assimilated nitrogen also should be made for actual com- 
parisons of protein synthesis. Finally, histological examinations would 
show the condition of the cell wall in each group and aid in determining the 
minimum amount of calcium needed for normal cell wall development. 


Summary 


1. Calcium is known to be one of the most important mineral elements 
needed for normal plant growth. Among other things it is closely associated 
with nitrogen metabolism. EckKerson found that it is needed for normal 
nitrate reduction in the synthesis of proteins. In these experiments the 
bean plant was grown with and without calcium using nitrate nitrogen and 
urea, a reduced form of nitrogen. 

2. With calcium present nitrate nitrogen produced better growth than 
urea. 

3. In the absence of calcium much better growth was made with urea 
than with nitrates. With urea the calcium deficiency symptoms were much 
delayed, and when they became evident they were very much less severe. 

4. The calcium-deficient urea plants produced about 60 per cent. more 
growth than the calcium-deficient nitrate plants and all of them flowered. 
Twenty-five per cent. of the calcium-deficient urea plants produced fruit, 
whereas none of the calcium-deficient nitrate plants produced fruit, and 
only a few flowered. The roots of the calcium-deficient urea plants did not 
exhibit the usual calcium-deficiency symptoms and they produced twice as 
much growth as those of the calecium-deficient nitrate plants. 


The writer wishes to express his sincere thanks and appreciation to 
Professor C. A. SHutu for his interest and valuable suggestions made during 
the course of this work. 


UNIVERSITY OF CHICAGO 
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ROOT MODIFICATIONS INDUCED IN VICIA FABA BY 
IRRADIATING DRY SEEDS WITH SOFT X-RAYS 


G. F. SMITH AND H. KERSTEN 


(WITH TEN FIGURES) 


Introduction 


In a recent paper concerned with plants grown from dry or unsoaked 
seeds which had been irradiated with soft x-rays, Lona and Kersten (1), 
described the occurrence of structural changes in the leaf tissue. Similar 
results had previously been reported by Noaucui (2), who used germinated 
seeds and x-rays of a shorter wavelength. This paper is a continuation of 
the study of plants germinated from unsoaked seeds which had been irradi- 
ated with soft x-rays; it describes some modifications which oceur in the 
structure and development of their roots. 


Methods 


The radiation was produced by the same apparatus as that used by Lona 
and Kersten (1). It has an approximate intensity-wavelength curve as 
shown in the upper part of figure 1, and a position in the electromagnetic 
spectrum as indicated by the arrow in the lower part of figure 1. 
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Fig. 1. Upper part: Approximate intensity-wavelength curve for the radiation used. 
Lower part: General electromagnetic spectrum, with the position of the soft x-rays used, 
indicated by the arrow. 
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Unsoaked seeds of Vicia faba (Burpee’s bush Lima beans) were irradi- 
ated by arranging them with their hilum sides 8 cm. from the focal spot 
of the x-ray tube. Preliminary tests were made to determine a dose of 
radiation which would produce pronounced root modifications. The treat- 
ment selected was one which, after an interval of growth, resulted in the 
phenomenon of ‘‘delayed killing’’ described by Maxweii and KEMPpTON 
(3). This employed an exposure of 20 minutes while the tube was operated 
at 30 peak kv. and 10 ma. The irradiated seeds, with control seeds which 
had not been irradiated, were germinated in moist peat moss at 85° F. Ex- 
ternal developments were observed for 8 days, at the end of which time 
material was prepared for microscopical examination. The following ob- 
servations, which were made with plants germinated from January 29th to 
February 6th, using seeds grown during the season of 1939, are in accord 
with identical experiments carried out during a 3-month period in the fall 
of 1939. 





Fie. 2. A normal seedling of Vicia faba, and one grown from x-irradiated seed. 
Each seedling is 8 days old. The inset shows an enlarged view of a typical root grown 


from an irradiated seed. 
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Gross observations 


During the first several days of growth there appear to be no external 
differences between control and irradiated seeds. The radicles appear at 
about the same time and continue development at a similar rate for several 
days. The group germinated from the irradiated seeds later shows a de- 
ereased root length, a poor development of the root tip, and the complete 
absence of lateral roots. By the eighth day, the condition of arrested de- 
velopment appears in the roots of the rayed group. At this time the average 
length of the primary root of the control plant, including the hypocotyl, is ap- 
proximately 120 mm., and that of the rayed is approximately 44 mm. (fig. 2). 

The inset in figure 2 shows an enlarged view of a typical root of the latter. 
The bulbous increase in diameter represents the beginning of the hypocotyl 
which occurs approximately 70 mm. from the tip. 

An additional x-irradiation effect is seen when germinating control seed- 
lings, and seedlings grown from x-irradiated seeds, (with combined growth 
of radicals and hypocotyls 12 to 15 mm.) are marked in mm. lengths. Ob- 
servations 12 hours after marking show the results illustrated in figure 3. 


ternenipentinn 
MM 


Fic. 3. Elongation in the primary root and the hypocotyl regions of a control plant, 
left, and in one germinated from an x-irradiated seed, right. 


In the rayed group elongation does not occur within the first originally 
marked mm. of the primary root, as in the control. This suggests an inacti- 
vation of the root tip meristem soon after the radical appears. It is also 
seen that the elongation of the control hypocotyl is considerably greater 
than that of the germinating irradiated seed. 


Microscopical observations 


Material for a microscopical examination was collected from a great 
number of primary roots of germinating seeds which had been irradiated 
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Fie. 4. Longitudinal sections of primary root tips of a normal seedling of Vicia 


faba, right, and one which had been germinated from an x-irradiated seed. Generative 
meristem, A; elongation, B; vascular cells, C. The numbers at the left show the dis 
tances from the tip in microns. x about 200. 
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while unsoaked. This was done 8 days after irradiation when the arrested 
growth character became evident in the roots. Comparative studies were 
made with the primary roots of control plants of the same age. Paraffin 
sections were made and stained with iron-alum haematoxylin and gentian 
violet. 

Examination of the root tip tissues shows many modifications in the case 
of plants germinated from the x-irradiated seeds as compared with the 
primary roots of control plants (fig. 4). In seedlings grown from the x-ir- 
radiated seeds, the root meristem begins approximately 0.63 mm. from the 
root tip, while in the primary root of the control, the meristem is approxi- 
mately 0.225 mm. from the tip. In the root tip of a plant grown from an 
x-irradiated seed, vascular cells appear approximately 0.70 mm. from the 
tip, while in the primary roots of the control plants, the first vaseular cells 
oceur approximately 3.25 mm. from the root tip. In the rayed group, an 
obviously peculiar situation is found in the first vascular cells. In many 
cases these cells possess a typically scalariform type of wall thickening; in 
others, the reticulate type may occur. This is a modification of the normal 
condition in Vicia faba, where the annular and spiral vascular elements ex- 
tend for a considerable distance before the scalariform and the reticulate 
vessels of the metaxylem appear. 

Elongation of the cells derived from the root tip meristem, as in the 
elongation region of normal roots, is but slightly indicated in the roots of 


seedlings grown from the x-irradiated seeds. In the latter, some suggestion 
of increased cell size has been observed approximately 0.675 mm. from the 


.225—- 


Fic. 5. Diagram of tissue developments in root tips of control seedlings and in those 
germinated from x-irradiated seeds. 
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tip, while in the controls, cell elongation is evident approximately 1.34 mm. 
from the tip. These observations are represented graphically in figure 5 
and are listed in table I. Thus the condition found in the irradiated group 


TABLE I 


AVERAGE CELL LENGTHS AT VARIOUS DISTANCES FROM THE TIPS OF Viera FABA 
SEEDLINGS GROWN FROM X-IRRADIATED SEEDS AS COMPARED 
WITH CONTROLS 








AVERAGE CELL LENGTH 
DISTANCE FROM TIP —- —- 








CONTROL IRRADIATED 
mm. | ph u 
See eee 8 40 
OS aE 12 45 
I hein, 30 45 
EE SS Re ote eS 37 63 
4-5 ......... 45 64 





is a foreshortening of the developmental regions in the root as suggested 
by the occurrence of the root tip meristem, cell elongation, and the 
appearance of vascular cells within a region of approximately 0.1 mm.; 
while in the primary roots of control plants, these developments are found 
in a region which extends between approximately 0.225 and 5 mm. from the 
root tip. 

Material for a microscopical study of the mature primary root tissue was 
taken approximately 2 mm. below the region of the root-stem transition. 
This position below the root-stem transition was accurately determined by 
making sections back from the hypocotyl. The region thus selected has a 
well developed pith region and is above the primitive radial root structure. 
Over 500 comparable sections of control seedlings and of seedlings which 
had been grown from x-irradiated seeds were examined. 

In the transverse sections of control roots (fig 6, top; fig. 9, left) a well- 
developed secondary vascular cylinder surrounds the tetrarch primary 
xylem. Lateral roots originate opposite the primary xylem ares, which 
at this point, are often occupied by lacunae, bearing scattered peripheral 
protoxylem elements. The cylinder of xylem is surrounded by a zone of 10 
to 12 cells which includes the cambium, phloem, pericycle and endodermis. 

In the transverse sections of roots grown from x-irradiated seeds, (fig. 6, 
bottom ; fig. 9, right) the primary xylem not only occurs in its normal tet- 
rarch position, but also forms in a continuous band 2 to 3 cells in thickness 
between these points and is composed of cells having either the reticulate or 
sealariform type of wall thickening. No annular or spiral elements appear 
to be present as occur in the comparable sections of the primary roots of 
control seedlings. 
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SMITH AND KERSTEN: X-RAY MODIFICATION OF ROOTS 


Fie, 6. Mature root development in a control plant of Vicia faba, top; and one 
germinated from an x-irradiated seed, bottom. Primary xylem, A; secondary xylem, B; 
phloem, C; distorted pericycle, D. x about 150, 


The zone of 10 or more cells in thickness (which has previously been 
described in the control primary root, surrounding the xylem cylinder) is 
also present, as indicated in transverse section (fig. 6, bottom), in the roots 
of the plants grown from the irradiated seeds. It is impossible however, to 
identify the tissue types of this zone because it is undifferentiated and dis- 
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torted. Its position and small cell size, however, is suggestive of, and cor- 
responds to, a similar region in the primary roots of the control plants 
which is occupied by the cambium, phloem, pericycle, and endodermis. In 
the irradiated group, the inner part of this zone is consistently separated 
from the adjacent continuous primary xylem between the primary xylem 
ares, because of a regular distortion of cells in this layer. It lies in contact, 
however, with a region of larger xylem cells external to the primary xylem 
ares which may be secondary xylem. In the primary roots of the control 
plants, these inner cells (the cambiums) are in close contact with the secon- 
dary xylem. The distortion of plant cells which are able to divide (such as 
those already mentioned of the root tip meristem, and the cambium) is also 
apparent in a region external to the primary xylem ares (fig. 6, bottom). 
This distorted area represents the place where the pericyele had been active 
in initiating lateral root formation but has now obviously degenerated. 





Fie. 7. Comparative developments at the points of lateral root initiation in a normal 
root of Vicia faba, left; and in one germinated from x-irradiated seed, right. Primary 
xylem, A; secondary xylem, B; phloem, C; distorted xylem, D. x about 900. 


One generalization which may be made up to this point, concerning the na- 
ture of root modifications which occur in plants of Vicia faba grown from 
x-irradiated seeds, is the partial or complete distortion of tissues whose cel- 
lular units are capable of dividing. Evidence of this is seen in the root tip 
meristem, the cambium, and the pericycle. 

Measurement of the distribution of tissues in many transverse sections 
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of the primary roots of control and of irradiated plants, demonstrates a 
greater development in the extent of the cortex and of the pith regions in 
the irradiated group than in the control. This is not caused by an increase 
in the number of cells as indicated by cell counts, but to an increase in eell 
size (table IT). 

TABLE II 


A COMPARISON OF ROOT TISSUES IN THE TRANSVERSE SECTIONS OF CONTROL AND 
IN PLANTS GROWN FROM X-IRRADIATED SEEDS OF Vicia faba 





REGION CONTROL IRRADIATED 





uu ul 

Extent of cortex 900 1098 
Extent of pith .... 1449 2097 
Average size of cortex cells 83 99 
Average size of pith cells 68 90 





The hypocotyl of plants germinated from x-irradiated seeds possesses 
vascular tissue consisting solely of xylem cells showing the spiral type of 
wall thickening. These primary elements appear in groups of 2 to 4 cells 
lying internal to the phloem (fig. 8, right). They are similar in size and 


Fie. 8. Transverse sections of the hypocotyl of control seedlings of Vicia faba, left; 
and of plants grown from x-irradiated seeds, right. Primary xylem, A; secondary 
xylem, B; phloem, C; cambium, D; schizogenous cavity in the pith area, E. x about 150. 
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position to corresponding primary elements in the control section (fig. 8, 
left) but not so numerous. 

The amount of phloem produced in the rayed hypocotyl is considerably 
less than that of the control and is poorly differentiated. There is but little 
noticable variation in the cells of the cortical region of the rayed hypocoty] 
with the exception of a slight decrease in cell size. Numerous modifications, 
however, occur in the pith region. There is a marked decrease in both 
extent of pith and the size of the individual pith cells (table ITI). 


TABLE III 


COMPARISON OF PITH SIZE OF CONTROL HYPOCOTYL AND THAT OF-A SEEDLING 
GERMINATED FROM AN X-IRRADIATED SEED OF V 7014 FABA 








CONTROL TRRADIATED 








lu ue 
Extent of pith region 3240 1520 
Size of pith cells . 105 51 





A most interesting effect of the irradiation observed here is the constant 
occurrence of a large intercellular cavity in the pith region of the hypocotyl! 
(fig. 10, bottom). This is present when the delayed killing effect is evident 





Fig. 9. The origin of the cavity which occurs in the pith area of the hypocotyl of 
seedlings grown from x-irradiated seeds. x about 1500. 


in the roots. The cavity first appears in the hypocotyl near the region of 
the root-stem transition. Figure 9 shows its manner of origin in the pith. 
The cavity appears to be the result of a schizogenous splitting of the walls 
of successively formed cells. This abnormal situation may persist for vari- 





SMITH AND KERSTEN: X-RAY MODIFICATION OF ROOTS 169 


ous distances in the hypocotyl. In some cases it involves the entire pith 
area, as shown in figure 10. 


2600 00000008 6eeeee® 


Fie, 10. <A large cavity in the hypocotyl of a Vicia faba seedling grown from 
x-irradiated seed. 


Summary 


External and microscopical observations of the primary roots of seed- 
lings grown from seeds of Vicia faba (Burpee’s bush Lima bean), which had 
been x-irradiated while unsoaked, are given. 

The following external modifications are shown: (a) a general failure of 
lateral root formation; (b) an apparent poor development of the root tip as 
compared with controls; (¢) the occurrence of ‘‘delayed killing’’ in the roots 
which becomes evident after a germination period of 8 days. 

One thousand slides of the primary roots of germinating x-irradiated 
seeds and a like number of the primary roots of control plants, were stained 


and examined using standard methods of microtechnique. A microscopi- 


eal examination of these slides has given rise to the following anatomical 
observations : 

1. In the germinating irradiated seeds, the root meristem, the beginning 
of root elongation, and the first occurrence of vascular cells, appear within 
a span of approximately 0.6 to 0.7 mm. from the root tip; in the control 
plant, these developments appear over a region of approximately 5 to 6 mm. 
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2. In the upper limits of the primary root, the primary xylem tissues in 
the rayed sections appear as a continuous band surrounded by a region of 
poorly differentiated cells; if compared to tissues at a similar position in the 
primary root of the control plant, these are comparable to phloem, pericyclar, 
cambial and endodermal areas. 

3. Cambial activity is indicated only at points opposite the primary 
xylem ares; here a small band of large xylem cells are found which may be 
secondary xylem. 

4. The degeneration of cells which normally retain their ability to divide 
is readily observed in the root tip meristem, the probable cambial region, and 
in the region where lateral roots are normally initiated in the pericycle. 

5. Secondary vascular cells are not observed in the hypocotyl. 

6. In the hypocotyl, small groups of primary spiral xylem cells appear 
at intervals internal to a region of cells which may be poorly differentiated 
phloem. 

7. A schizogenous cavity is consistently and characteristically present 
in the pith region of the hypocotyl! of the seedlings grown from the x-irradi- 
ated seeds when root growth permanently ceases. 
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DEHYDRATION INJURY AND RESISTANCE 
G. W. SoaRgtu 


(WITH FIVE FIGURES ) 


Introduction 


The causes of dehydration of cells are evaporation, frost, and the osmotic 
action of hypertonic solutions. In addition to loss of water and consequent 
diminution of cell volume, there are other effects peculiar to the respective 
agencies, so that we cannot assume on theoretical grounds that the injury 
which each of them may cause is effected in the same way. One type of 
frost injury indeed has no counterpart in the action of drought or hyper- 
tonic solutions; namely, disruption of the protoplasm by intracellular ice 
formation. This, however, occurs only under rather special conditions and 
at the moment of freezing. It is usually fatal to hardy as well as tender 
cells. The protection which is developed against intracellular freezing on 
hardening is an increase of cell permeability which tends to prevent its 
occurrence (7,8). This type of freezing is necessarily absent when marked 
resistance is displayed. Usually ice forms in the intercellular spaces and it 
is possible that here too it may produce injury otherwise than by dehydra- 
tion. 

Peculiar to hypertonic solutions is their chemical or physico-chemical 


effect on the plasma membrane. The least toxic, namely sugars and bal- 
anced mixtures of Na and Ca salts, are most likely to injure through dehy- 
dration. Another difference between osmotic and other modes of dehydra- 
tion is that generally the protoplast contracts and separates from the wall 
in the former and wall and all collapse in the latter. Thus the mechanical 
stresses to which the protoplasm is exposed during contraction and expan- 
sion are somewhat different in the two cases. 


To throw light on the question of whether frost injury and plasmolysis 
injury result mainly from the special effects of these agents or from those 
that they share with drought we may determine the degree of correlation in 
the resistance of different types of cell to the respective agents. 

In the first place it seems to be the rule that extreme resistance to cold, 
whether in plant or animal, is associated with endurance of desiceation (6) ; 
perhaps the converse is not invariably true; e.g., myxomycetes (2). Quan- 
titative comparison of the degree of dehydration which is lethal with the 
respective agents and on cells with different degrees of resistance is required 
to test the relationship more fully. To a certain extent such a comparison 
is provided by results obtained by the author’s collaborators (5). All 
three treatments (desiccation, freezing, and plasmolysis) were applied to 
sections of similar material and also to the material having different grades 
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of resistance. In figure 1 freezing points of the solutions in equilibrium 
with the desiccating atmosphere and of the plasmolyzing solutions are used 
as a basis of comparison with the actual freezing temperatures in the cold 
chamber. The sub-zero temperature is a measure of the dehydrating force. 
The order of resistance of the various tissues, namely, cabbage (petioles), 
Catalpa and Cornus (cortex of twigs) in the non-hardened state and the 
same three in the hardened state, is approximately the same with all three 
treatments. The curves diverge somewhat at the less hardy end of the 
seale but this divergence could probably be reduced or abolished by regulat- 
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Fig. 1. Freezing points of the solutions in equilibrium with the desiccating atmos- 
phere and of the plasmolyzing solutions compared with the actual freezing temperature 
in the cold chambers. 

Curve 1. Freezing points of the average concentrations of sugar solutions which 
result in injury on deplasmolysis. 

Curve 2. Actual average lethal temperatures in frost injury. 

Curve 3. Freezing points of solutions in equilibrium with atmospheres of aver- 
age lethal relative humidity. 


ing the periods of dehydration and equalizing the rate at which water is 
reabsorbed. Both of these complicating factors are of increasing impor- 
tance as the cells lack resistance. The time factor operates more rapidly in 
plasmolysis than frost injury but has not been tested in simple desiccation. 

Resemblance between frost and drought resistance is also seen in the fact 
that both develop together during the hardening process whether induced 
by low temperature or shortage of water. Moreover, the order of resistance 
of different tissues is the same with both modes of hardening. An example 
is shown in the relative desiccation resistance of certain wheat varieties 
hardened by drought and cold, respectively, as shown in table I from data 
obtained by WHITESIDE (unpublished results). 

Further correspondence between the two types of hardening process is 
found in the identity of the physiological changes which accompany them. 
The changes include increase in osmotic pressure, increase in cell perme- 
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TABLE I 


RESISTANCE TO DESICCATION OF LEAF SHEATH CELLS OF SPRING AND WINTER WHEATS 














DROUTH HARDENED PLANTS (5TH LEAF STAGE) 
MOLAR CONCENTRATIONS OF NACL OVER WHICH 
VARIETY SECTIONS WERE DESICCATED 
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Marquis 
Caesium 
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FROST HARDENED PLANTS (ROSETTE STAGE) 
MOLAR CONCENTRATIONS OF NACL OVER WHICH 
VARIETY SECTIONS WERE DESICCATED 
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* Winter wheats. Kharkov 22 M C is the hardiest. The spring wheats do not sur- 
vive at Ottawa. 


ability, and a change in the colloidal state and consistency of protoplasm. 
The latter is of special importance and will be dealt with later. 
All these correlations point to a common mechanism of frost and drought 


injury and a common mode of resistance. Also, inasmuch as resistance to 
plasmolysis (or sometimes deplasmolysis) injury shows increase with 
hardening (whether induced by cold or drought) and, as the degrees of 
dehydration at which sugar solutions and evaporation respectively cause 
injury are comparable (fig. 1), it would seem that plasmolysis injury is also 
mainly a dehydration effect. 

The principal subject of this paper is the mechanism of injury by de- 
hydration. This problem has been approached by investigating the effect 
of dehydration on the physical state of protoplasm and the difference be- 
tween hardy and non-hardy protoplasm in this respect. As it is almost 
impossible to investigate directly the physical state of the protoplasm in 
frozen or desiccated tissue, a study was made on plasmolyzed cells. Full 
details will be published in papers by Levirr and Sturnovitcu (5,9). What 
follows is a synthetic review of the principal findings and a discussion of 
their significance. 

The methods of study included all of the usual ones for testing proto- 
plasmic consistency; some are applicable to the normally hydrated and 
some only to the plasmolyzed cells. The criteria are the rate of Brownian 
movement, rate or degree of displacement of cell parts by centrifuging, rate 
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of rounding up and shapes assumed during plasmolysis, and the rate of 
recovery from deformation by micro-needles. In addition two novel micro- 
manipulation tests proved very instructive. These were based respectively 
on the flow of protoplasm through punctured pits in the wall (fig. 2), and the 
shapes assumed by injected oil drops in variously manipulated protoplasts. 

Comparison of hardy and non-hardy cells is complicated by the greater, 
often much greater, osmotic pressure of the hardy. The cells may be com- 
pared at the same degree of plasmolysis in which case the liquid phase of 


HAROY NON-HAROY 





Fig. 2. Comparison of the forms assumed by cytoplasm when expressed through a 
punctured pit in (a) a hardened and (b) an unhardened cell of Catalpa in a balanced 
solution of NaCl and CaCl, (9: 1) with an osmotic pressure of 50 atmospheres. 


the hardy cells is the more concentrated ; or they may be compared in solu- 
tions of the same osmotic pressure in which case the hardy cells retain more 
water. The former compares the effect of equal degrees of dehydration of 
the cell as a whole, the latter of equal dehydrating forces. High osmotic 
pressure in itself is a measure of protection against dehydration but does 
not explain the ability of hardened cells to resist greater dehydration which 
is their principal safeguard. 


Results 


The viscosity of the endoplasm or mesoplasm (which is best indicated by 
Brownian movement and rate of flow) naturally increases as the dehydra- 
tion proceeds. We usually find little difference between unhardy and hardy 
cells at equal degrees of hydration (same relative volume) but a decidedly 
higher viscosity in the unhardy than the hardy, when they are in equilibrium 
with equal osmotic pressures. This difference results in a greater tendency 
to injury on deplasmolysis which corresponds in some measure to injury on 
rapid thawing and on moistening after desiccation. 

The ectoplasm' or surface layer of the protoplasm shows a more pro- 
nounced change on plasmolysis, whether by salt or sugar solutions, than 
does the mesoplasm. The elastic quality which even normally hydrated 
and streaming protoplasm reveals on microdissection appears to be mainly 
a property of the ectoplasm in plant as well as animal cells. With dehydra- 


1 The word ectoplasm as used here includes the cortical plasmagel layer as well as the 
fluid hyaline surface film. The writer now thinks it may be more logical to confine it to 
the latter—if so ambiguous a term is retained in use. 
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tion this region becomes increasingly gelatinous and may ultimately lose 
most of its ductility so that it ruptures when stretched. This is shown by 
the snapping and crumpling of the ectoplasmic strands which connect a 
plasmolyzed protoplast with the cell wall (fig. 3) and by the visible rupture 
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Fic. 3. Relative effect of osmotic dehydration on ectoplasmic strands of hardened 
and unhardened cells of Hydrangea. 


The strands of the unhardened cells snap and crumple in high concentrations 
(3 M) of dextrose while those of the hardened remain ductile and often flow together 
in still higher concentrations (6 M). 


The hardy strands are invisible in low concentrations and show fainter outline 
(lower refractive index) than the non-hardy at each stage of dehydration. 


of ectoplasm (with outflow of mesoplasm or extrusion of tonoplast) when 
the cell is stretched by micromanipulation or deplasmolysis. The location 
of the change is best shown by the behavior of applied oil drops. As shown 
by CHAMBERs (1), oil drops when brought in contact with a cell surface snap 
on to the cytoplasm. They assume a lenticular form and appear to lie at the 
surface but are really covered by an invisible layer of highly surface-active 
material which spreads over oil as soon as it touches a protoplast. However, 
the three interfaces—coated oil-medium, oil-cytoplasm and cytoplasm-medium 
—form definite angles of contact determined by their relative surface ten- 
sions. As long as the ectoplasm remains sufficiently fluid the cell can be 
plasmolyzed and deplasmolyzed or mechanically deformed without perma- 
nently upsetting those angles or the shape of the drop. When, however, the 
ectoplasm sets to a gel its tension increases in proportion as it is stretched 
so that expansion of the cell surface pulls out the oil drop into a flat and 
ultimately concavo-convex lens (figs. 4, 5). 

Figure 4 compares the behavior of an oil drop in a hardy and a non- 
hardy cell which have been plasmolyzed to the same degree and then deplas- 
molyzed. The diagram might represent either a vacuolated cell or a non- 
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vacuolated such as occurs in the cortex of Cornus twigs. Figure 5 shows that 
coagulation of ectoplasm occurs in hardy cells of cabbage when the dehydra- 


HARDY ATMS NON-HARDY 











Fic. 4. Effect of deplasmolysis on the form of an oil drop injected into a hardy and 

a non-hardy cell respectively, ¢.g., of cabbage (vacuolated) or Cornus (unvacuolated). 
In the hardy cell the shape of the drop (black in the diagram) remains un- 
changed being governed by surface tension forces; in the non-hardy it becomes 
flattened owing to the increasing tension of the solidified ectoplasm when stretched. 


tion is carried further but not even saturated invert sugar with an osmotic 
pressure of over 300 atmospheres coagulates very hardy tree cells. 

The relative tendency of their ectoplasms to solidify on dehydration is one 
of the greatest and probably the most important distinctions between hardy 
and non-hardy cells. Another striking difference in this connection is that 
in unhardy cells the solidification increases with the time of exposure while 
in the most hardy cells the time factor is not apparent at least for a period 
of many hours. 

After a certain stage of dehydration is reached (a stage more or less 
influenced by the time factor), the colloidal change which underlies the 
solidification phenomenon becomes irreversible. Then, no matter how 
gradually water is reabsorbed, the surface layer breaks when its elastic 
limit of extension is reached. The cells as long as they are undisturbed 
retain their semi-permeability and appear to be alive but they are unable 
to regain their normal volume or indeed to survive any mechanical treat- 
ment which stretches their surface beyond a certain limit. With hardened 
cells in which the time factor is negligible up to several hours, a fairly defi- 
nite critical concentration of solution can be discovered at which the irre- 
versible change occurs in any particular type of cell. As we have seen 
earlier, there is some evidence that this corresponds to the critical tempera- 
ture in frost injury and to the critical loss of water in drought injury. If 
this proves to be generally true a simple and rapid test of frost and drought 
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resistance will be to determine the concentration of plasmolyte producing 
incapacity of deplasmolysis. 

As noted above the moment of death following plasmolysis does not 
appear to be that at which the ectoplasm becomes ‘‘coagulated’’ but rather 
when it ruptures on being stretched during deplasmolysis. In the ease of 
drought or freezing it is possible that not only cell expansion but also 
further contraction beginning at the point at which coagulation begins, may 
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Fie. 5. Solidification of ectoplasm of a hardy cell (cabbage) by strong plasmolysis, 
as shown by changes in a large drop and a small drop during plasmolysis and deplas- 
molysis. In the lowest figure on the right the layer of cytoplasm is shown underlying the 
oil drop. 


set up damaging mechanical strains in the ectoplasmic layer. Moreover, 
there is some evidence that severe dehydration may cause the coagulation to 
become more general. Yet the critical moment is that at which the irrever- 
sible change takes place in a thin superficial layer. 

What then is the nature of the irreversible change which oceurs at the 
eritical stage of dehydration and how does hardening shift the critical 
point? 

Normal ectoplasm is a visco-elastic sol which on dehydration becomes not 
simply a more viscous sol but rather a more rigid gel. When at a certain 
stage it changes to an irreversible gel, or coagulum, the inference is that 
some of its proteins have become denatured and lost much of their hydro- 
philic quality although the exact physico-chemical mechanism of this trans- 
formation is obscure. 


As regards the hardening change which might oppose this fatal tendeney, 
there is much evidence of a certain increase in hydrophily of the protoplasm 
asa whole. Increase in its thickness supports this view (4). That the in- 
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erease of hydrophily is particularly marked at the surface of the protoplast 
can be inferred from its much lower refractive index in the hardened state. 
The lower visibility of the ectoplasmic strands represented in figure 3 is one 
sign of this difference. The increase in permeability of the cell to water and 
polar solutes is also in harmony with increased hydration of the plasma mem- 
brane. The magnitude of the increase in permeability, and also of the de- 
crease in refractive power in very hardy cells, points to greater increase of 
water content in the surface zone than occurs in the protoplasm as a whole. 
This result may be due to the greater concentration of colloid in the eeto- 
plasm rather than to a greater change in the character of the colloids there. 


Summary 


Different kinds and conditions of plant material show parallel variation 
in their resistance to drought, frost, and plasmolysis, respectively. The 
maximum plasmolysis that cells can withstand is determined by the point 
at which an irreversible stiffening, presumably coagulation, of the ectoplasm 
occurs. The immediate cause of death is usually the rupture of the rigid 
ectoplasm on deplasmolysis. It is suggested that a similar colloidal change 
follows upon a certain critical degree of dehydration when produced by 
frost or evaporation and that with these also mechanical stresses may later 
cause the fatal rupture. 

In hardy cells the ectoplasm has a lower refractive index and higher 
permeability than in unhardy. These differences point to greater hydration 
of the ectoplasm the most probable cause of which is greater water binding 
power of its colloids. The same colloidal difference might account for the 
greater resistance to coagulation through dehydration. 
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EFFECTS OF PERIODS OF WARM WEATHER UPON THE 
WINTER HARDENED CONDITION OF A PLANT* 


8. T. DEXTER 


Introduction 


The influence of alternating periods of high and low temperatures upon 
the hardening process of plants has been described at various times in the 
literature (1, 2,7). The rate at which plants lose this hardened condition 
when exposed to warm temperatures has been investigated (3, 10, 11). 
There appears to be relatively little in the literature, however, concerning 
the ability of a plant to become hardy a second time, following the dehard- 
ening process. Most of the work that relates to this subject is intimately 
connected with the process of vernalization. The implication from the gen- 
eral theory of vernalization, as stated by LyseNnKo, is that, since ‘‘every 
plant passes through a sequence of phases, which replace one another con- 
secutively and in strict rotation,’’ a winter-annual plant, such as winter- 
wheat, would pass into the hardened condition once, and that, having passed 
out, it could searcely reenter that condition. Since this investigation was 
begun, a number of papers have appeared that deal with this topic indirectly. 
Among these are KostsuCENKo and ZaruBatLo (8, 9), who have reviewed 
literature dealing with the subject of the dependence of winterhardiness on 
the conditions of seed ripening. If the seeds of rye or wheat were vernalized 
upon the mother plant during a cold season of ripening, plants grown from 
them were found lacking in hardiness. Thus, wheat grown in north Russia 
was found to produce seed that was not suited for planting in that region, 
since it had been vernalized upon the mother plant, whereas seed produced 
on plants from the same lot of seed, but grown further south, produced 
winter hardy plants. Grecory and Purvis (5, 16) have presented further 
evidence along the same line. Ruporr (12) subjected winter cereals that 
had been vernalized to varying degrees, to a temperature of 10° C., with 
various day lengths for various periods of time, and determined the rate 
of loss of winterhardiness and the degree to which these plants could be 
rehardened. He concluded that loss of the ability to retain hardiness or to 
reharden was directly correlated with the degree of vernalization and with 
the development of the growing point. 

Voss (14, 15) has presented extensive evidence along the same lines, 
showing that the degree of vernalization, measured both by microscopic 
examination of the development of the growing point, and by subsequent 
growth behavior, is intimately related to the response of the plant to tem- 
peratures that ordinarily produce the hardened condition. The length of 

1 Journal Article, new series, no. 440. 
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day to which the partially vernalized and partially hardened plants were 
exposed during de-hardening at 10° C. had a great influence upon the 
development of the growing point, and upon the retention of hardiness. 
Thus, Ruporr shows the influence of both length of day and of vernalization 
by low temperatures upon the subsequent development of the plant. 
Dexter (2) has shown that wnvernalized wheat plants exposed to a long 
day, and developing typical upright long-day plants, harden as well as 
similar plants grown previous to hardening in a short day. Either type of 
plants hardened better in a long day than in a short day at 2° C. but better 
in a short than in a long day at 10° C. Sensitivity to the long day, both 
in development of growing point and in hardening relationships, is shown to 
be dependent upon previous vernalization. Ruporr’s photographs make this 
very clear. Exposure of vernalized plants to a long day at 10° C. was 
particularly detrimental to hardening and exposure of unvernalized plants 
was moderately so. 


Experimentation 


Alfalfa plants brought into the greenhouse from the field, during the 
winter, will begin growth immediately as there is no dormant period. In 
order to avoid the complications arising from such growth, alfalfa roots were 
severed at the crown. They were cut into pieces about 1 em. long, washed, 
rinsed in distilled water, and dried of superficial moisture. A large num- 
ber of 10-gram samples were weighed into 1” x 8” Pyrex test tubes, stoppered, 
and placed in a water bath at 2° C. One lot was so prepared on October 15, 
1936 ; another similar lot on January 13, 1937; and a third lot on March 15, 
1937. Appropriate numbers of tubes with their contained samples were 
moved to a bath at 12° C., from which they were moved back to the bath at 
2° C. as desired. After the desired duration of time at any temperature, 3 
tubes with their contents were placed in an aleohol-ice slush at —7° C. for a 
4-hour freezing period. To each tube, 50 ml. of distilled water was then 
added, and exosmosis allowed to proceed at 2° C. for 20 hours. Electrical 
conductivity was then determined (2). In some eases, field samples were 
dug and treated in the same manner at intervals. Table I gives the results 
of these determinations. 

As nearly as we are aware, no problem of vernalization enters into the 
hardening of alfalfa, or into the retention of hardiness by the plant. It has 
been clearly demonstrated, however, that length of day is a factor in the 
hardening of this plant (2,13). Since no buds were present on these sam- 
ples, it was assumed that no growth occurred. The increase and decrease 
in ability to withstand freezing appear reasonably clear from the table. 
Without photosynthesis, it seems difficult to reharden the roots, following 
dehardening, to a condition equivalent to that before dehardening. As has 
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TABLE I 


SPECIFIC CONDUCTIVITIES (x 106, 2° C.) OF EXTRACTS OF ALFALFA ROOTS FOLLOWING VARIOUS 
PERIODS AT THE TEMPERATURES INDICATED. THE ARROWS INDICATE THE PROGRESS 
OF ANY INDIVIDUAL SAMPLE FROM ONE BATH TO THE NEXT. SAMPLES 
FROZEN 4 HOURS AT —7° C.; EXOSMOSIS 20 HR. aT 2° C. 



























































90 eo as DIRECT FROM 

DATE 2° BATH 12° BATH 2° BATH pastel 
Oct. 15, 1936 y 2304 
Oct. 17 2006 
Oct. 20 1378 “4 
Oct. 25 1976 
Oct. 30 ¥ 2053 
Nov. 4 1438 y 1635 
Nov. 5 1633 
Nov. 6 1911 
Nov. 7 a? 
Nov. 8 1701 
Nov. 14 1788 1543 1262 
Nov. 24 1342 1537 1273 
Nov. 29 os 144 
Nov. 30 1575 
Dee 1 1795 
Dec. 2 1803 
Dee. 3 2121 Seco | 
Dee. 4 1797 
Dee. 5 2270—samples 

deteriorating 
SECOND SET OF SAMPLES 
Jan. 13, 1937 V en ae 
Jan. 16 | Fe 
Jan. 23 1894 2157 
Feb. 2 1997 oo 2059 
Feb. 5 Vv 2835 2 
Feb. 12 1970 2257 
Feb. 22 1822 2284 
THIRD SET OF SAMPLES 

Mar. 15, 1938 v i 2173 
Mar. 61 | 2642 
Mar. 20 2408 2762 y 
Mar. 30 2720 











been demonstrated before (4), it is perfectly possible to harden the excised 
roots materially by simply subjecting them to a temperature of 2° C. 

During periods of warm weather, the soil frequently thaws, and some 
growth may take place. During subsequent cold weather, the ground may 
again freeze. In the spring of 1937 and 1938, samples were taken in an 
effort to determine whether dehardening and rehardening oceurs in the field. 

The tests with samples direct from the field indicate that it is possible for 
hardening of alfalfa roots to occur following dehardening due to warm 
weather, but that rehardening is likely to be somewhat incomplete, partic- 
ularly if any material growth has taken place. 
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TABLE II 
SPECIFIC CONDUCTIVITIES (x 10°, 2° C.) OF EXTRACTS OF ALFALFA ROOTS DUG FROM 
THE FIELD UNDER THE WEATHER CONDITIONS DESCRIBED, SAMPLES 
FROZEN, ETC., AS IN TABLE I 























SPECIFIC a i = 

DATE Comnersenrs WEATHER CONDITIONS 
Mar. 15, 1937 2160 Frost gone from soil. Crust of frost on surface 
Mar. 22 2466 | No frost, warmer 
Mar. 30 3200 No frost, much warmer, considerable growth 
Apr. 6 3057 | Snow and colder. 2 or 3” frost in bare spots 
Apr. 8 2532 Still cold and more snow 
Apr. 10 | 2910 | Snow gone, warmed up 
Apr. 17 3683 | Warmer, more growth 
Apr. 17 Samples dug, placed in tubes at 2° C. until April 26 
Apr. 26 4453 
Mar. 15, 1938 | 2172 Soil thawed 
Mar. 22 | 2460 Warmer, some growth 
Mar. 30 3195 | Still warm, snow and cold that night 
Apr. 5 | 3050 Still snow and cold 








WHEAT 

In the study of the effects of periods of warm weather on the hardiness 
and rehardening ability of winter wheat, a different technique was followed. 
In one experiment, winter wheat plants were grown in the greenhouse at 
ordinary greenhouse temperatures, transferred to a greenhouse at tempera- 
tures around freezing, again placed at the higher temperature, etc., for the 
periods shown. Samples of crown tissue (leaf sheaths and young leaves) 
were prepared as usual (2), washed, and weighed into test tubes, frozen, and 
the degree of exosmosis finally determined. In the other experiments, wheat 
plants were brought in direct from the field where they had been grown under 
natural conditions in bottomless boxes. These plants, after a period of 
exposure to greenhouse temperatures, were exposed to hardening tempera- 
tures either out-of-doors or in the unheated house, etc. In other eases still, 
plants were dug from the field for testing before, during, and after periods 
of warm weather. As in the case of alfalfa, it has seemed desirable to extend 
this investigation over a period of several years in order to utilize these 
naturally occurring periods. Table III presents part of the data for experi- 
ments involving exposure to warm temperatures in the greenhouse. Since 
neither size of sample nor freezing temperature were constant from one 
experiment to the next, the figures given are comparable only, in general, 
with each individual experiment. Table IV presents the data for a similar 
study, but with two varieties. 

In some eases, there was a growth of several inches during the periods 
of exposure to warm temperatures. In field-grown samples, the wheat was 
undoubtedly vernalized. Whenever such growth occurred, rehardening 
was relatively slight, and in a good many cases, there is no evidence that 
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TABLE III 


SPECIFIC CONDUCTIVITIES (x 10°, 2° C.) OF EXTRACTS OF WINTER WHEAT CROWNS FOLLOWING 
PERIODS OF EXPOSURE TO WARM AND COLD WEATHER, AS SHOWN 


























SPECIFIC CONDUCTIVITY | 
DATE —————_—_—_—_—_ REMARKS 
WARM CoLD_ | 
Feb. 8, 1938 oo, Grown in warm greenhouse 
Feb. 22 g 974 | After 2 weeks in cold house 
Feb. 25 ines | After 3 days dehardening in warm house 
Mar. 11 re After 2 more weeks in cold house—proba- 
bly vernalized 
Mar. 18 | Dehardened one week,—much growth in 
| 1 height 
Apr. 8 1755 Exposed out-of-doors, snow and cold 
weather, seemingly excellent hardening 


weather 








FROM FIELD 














Feb. 25 7 rome TES Field grown sample tested 
Mar. 3 i —— After one week in warm 
{ greenhouse 

Mar. 14 1095 | After 11 days outside in cold 
weather 

Mar. 17 v 975 Field grown sample tested 

Mar. 24 SR eens After one week in warm 
greenhouse 

Apr. 8 1720 After two weeks exposure to 


cold weather 











hardening occurred at all. Lauper (10, 11) has studied the behavior of 
numerous varieties of winter wheat in coming out of the hardened condition 
in the spring. He finds that some of the relatively tender varieties, such as 
Baldrock, above, are relatively slow to come out of the hardened condition, 
while some of the varieties that can endure low temperatures well (Minhardi) 
are not well adapted to sharply varying temperatures in the spring. The 
evidence above adds to his findings. Ruporr (12), as well, calls attention to 
the lack of correlation between hardiness at one stage and hardiness at an- 


TABLE IV . 
SPECIFIC CONDUCTIVITIES (x 10°, 2° C.) OF EXTRACTS OF WINTER WHEAT CROWNS FOLLOWING 
PERIODS OF EXPOSURE TO WARM AND COLD WEATHER, AS SHOWN 














BALDROCK WHEAT MINHARDI WHEAT 
DATE _ _—____—_—____— 
CoLpD WARM CoLpD FIELD COLD WARM FIELD 
Jan. 11 ” 2 oes 1980 o———- 3 
Jan. 17 = 2808 5 — 2336 
Jan. 21 2576 J 3050 
Jan. 26 2685 
Feb. 8 J 2725 1 


Feb. 18 | 2560 2605 3030 











186 


PLANT PHYSIOLOGY 


other, and suggests: 1. Isolate varieties with a long temperature phase of 
vernalization and great resistance to cold. 2. Find varieties with unusual 
hardening ability after temperature phase has been passed through. 3. Find 
spring grains with great cold resistance. 

The plants grown in the greenhouse appeared to harden well on the 
first two exposures to hardening temperatures. During this four-week 
period of exposure to low temperature, however, it seems likely that the 
plants were vernalized. The third exposure to hardening temperature, 
seems to have been relatively ineffective in inducing hardiness. Table V 
presents the data taken from field samples following various changes in 


weather conditions. 


TABLE V 


SPECIFIC CONDUCTIVITIES (x 10°, 2° C.) OF EXTRACTS OF WHEAT CROWNS, FOLLOWING 











EXPOSURE TO VARYING WEATHER CONDITIONS, AS INDICATED 








DATE SPECIFIC CONDUCTIVITY WEATHER CONDITIONS 

Feb. 25, 1938 753 Ground frozen to a depth of a foot or more 

Mar. 14 877 Only the crust frozen 

Mar. 17 973 No frost, warmer 

Mar. 22 1128 Warmer, plants growing; no frost 

Mar. 30 1340 Still warm, growth occurring, field green 

Apr. 4 1193 Under snow, ground not frozen 

Apr. 5 1117 Ground frozen 

Apr. 8 1057 Snow left, but ground not frozen 

Apr. 10 1200 Snow melted, warmer, crust of frost in A.M. 

Apr. 13 1323 Much warmer 

Apr. 17 1655 Growing rapidly 

BALDROCK | MINHARDI RYE 

Mar. 27, 1939 1865 1870 1775 Following warm weather, slight 
frost in ground. Most leaves 
previously frozen off, now 
some green showing 

Apr. 1 1060 1488 1310 Cold weather and snow since 
Mar. 27 

Apr. 21 1783 1955 1791 Apr. 1 to 21 mostly cold, with 
rain and snow. A few days of 
warm weather. Much green- 
ing of wheat, but not much 
elongation. Maple buds and 








spring flowers open 


From the data taken from field samples, we can conclude that reharden- 
ing in the field is possible, even in 
had occurred, however, hardening 


Discussion 


vernalized plants. 


When much growth 


was decidedly limited. 


and conclusions 


In Michigan, winter wheat is rarely injured by severe frosts in the spring 
after growth has begun. 


This is not the case, apparently, in Germany (12), 
nor in the Great plains of the United States (10), where severe damage can 
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follow late frosts. In no case in this experiment, even after exposure for a 
week to greenhouse temperatures, was field-grown winter wheat severely 
injured by frosts when again exposed out-of-doors. The results of this 
experiment show that rehardening after vernalization is possible, but indi- 
eate that rehardening is more likely in unvernalized plants. When a plant 
has been vernalized, the tendency toward development and elongation of 
the stalk is emphasized. As shown in a previous paper, any such tendency 
is distinctly unfavorable for hardening in the first place (2), for retention of 
the hardened condition (3) and, it now appears, is unfavorable for reharden- 
ing. The conclusions of this study are, then, in almost complete agreement 
with the extensive studies of Voss, Ruporr, and Laupe. The emphasis 
that this study may add is that, while rehardening is not rendered impossi- 
ble by vernalization, it is made less probable. If the development of the 
wheat plant reaches the stage of elongation of the stalk, the possibility of 
hardening adequate to withstand ordinary winter temperatures is prob- 
ably gone. 

While vernalization probably does not enter the picture with alfalfa, 
yet the same general principles apply. Alfalfa appears to reharden follow- 
ing alternate exposure to cold, warm and cold weather, if growth has not 
occurred to any great extent. Again, however, it is doubtful if, without 
photosynthesis, full rehardening can be accomplished, since each dehardening 
appears to permit hardening to a lesser degree. In the mind of the author, 
these factors can be summed up again (2): ‘‘The general proposition may 
be stated that hardening of plants is favored by conditions which tend 
toward the accumulation or conservation of carbohydrates and other reserve 
foods; that is, which further photosynthesis and lessen respiration and 
extension of vegetative parts.’’ 
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EFFECT OF MANGANESE DEFICIENCY UPON THE HISTOLOGY 
OF LYCOPERSICUM ESCULENTUM 


ETHEL TABER ELTINGE 


(WITH THREE FIGURES) 


Introduction 


The healthy growth of practically all plants requires a small amount of 
manganese salts. In recent years the symptoms of manganese deficiency 
have been extensively studied and many new aspects of the question have 
been revealed. Bortrner (3), Haas (5), Horrman (6), McHarave (10; 
11), and others have found that chlorosis may result from manganese defi- 
ciency. McHarave found less sugar, starch, and vitamin C in plants with 
insufficient manganese, and Giupert (4) concluded that there is a relation- 
ship between vitamin A and manganese. An important agricultural aspect 
of the question has been shown by SaAMvEL and Piper (12) who found that 
the ‘‘grey speck’’ disease of oats is due to deficiency of manganese in the 
soil. Aupert (1) found that the addition of manganese sulphate to the 
soil prevented the appearance of the ‘‘grey speck’’ disease. LEE and 
McHareveE (9) found that the application of manganese sulphate to leaves 
of diseased sugar cane not only cured the disease but increased the growth. 


Methods 


The purpose of this paper is to present the results of a study of the his- 
tology and eytology of plants suffering from manganese deficiency. The 
plants were grown in nutrient solution made by adding repurified salts to 
redistilled water and employing 2-liter Pyrex glass beakers as containers. 
The salts were repurified by the methol of Stour and ArNon (13). The 
nutrient solution employed was one commonly used and contained, in addi- 
tion, traces of boron, copper, zine, iron, vanadium, nickel, cobalt, titanium, 
tungsten, chromium, and molybdenum. 


Results 


The first indication of manganese deficiency appeared on the tenth day 
as a mottling of the leaves, especially young ones. Within the next two 
weeks, small necrotic areas appeared in the center of each light green region 
(fig. 1, B). At first there was no difference in growth rate between man- 
ganese-deficient and control plants, but at the end of four weeks, the plants 
deficient in manganese were noticeably smaller (fig. 1, A). By the end of 
six weeks both had produced buds, but those on the deficient plants never 
set any fruit. 
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These morphological changes caused by manganese deficiency coincided 
well with those produced internally as observed from sections of fresh leaves 
and stems put in Ringer’s solution and in leaves killed in Nemeé’s solution 
and stained with acid fuchsin and light green. Plastids, especially those 
in the palisade cells, were the first part of the leaf to show injury. This 
was first evident as a yellow green color in contrast to the normal dark green 





A B 


Fic. 1. Tomato plants showing manganese deficiency. A. Six weeks old plants. 
Left is deficient in manganese. Right, control. B. Mature leaves. Left, control; right, 
deficient. 


of healthy plastids. When treated with iodine, the deficient plastids showed 
two or three small starch grains, or none at all, while the control plastids 
were gorged with starch (fig.2, A,B). At this stage in deficiency there was 
no difference in thickness of the leaves nor in the size of the cells composing 
them. When the leaves began to show necrotic areas externally, these were 
evident internally (fig. 2, C, D). At first isolated palisade cells here and 
there among yellow green cells were the only necrotic cells, then groups of 
palisade cells, and finally the injury spread to the epidermis and spongy 
parenchyma until the whole cross section was involved (fig. 3, A). At this 
advanced stage in deficiency, control leaves not only had longer and, in 
general, wider palisade cells filled with healthy green plastids, but were 
also much thicker than deficient leaves (fig. 2, C, D). In the latter there 
were a few normal plastids in the palisade cells near necrotic ones, but most 
of the plastids that were left had begun to show vacuoles within them (fig. 
3, D, E), or had become yellow green in color and indistinct as to outline 


(fig. 2, D). When the brown area included most of the cross section, or 
at least a group of cells, there were seldom any cells near by with healthy 
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Fie. 2. Cross sections of tomato leaves. A. Control leaf 


x 240 showing large starch 
grains within the plastids. B. Manganese deficient leaf 


x 240 showing some plastids with 
no starch grains, some with 2-3 small ones and some plastids with very indistinct outline 
but with 2 or 3 small starch grains. On the left is an enlarged plastid of each of the three 
types mentioned. C. Healthy leaf x 339. D. Deficient leaf showing necrotic cells colored 
black. Some plastids show vacuoles, others are very indistinct in outline, x 339. 
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Fie. 3. A. Cross section of leaf, x 276, showing advanced deficiency. Most of the 
plastids have disintegrated and many cells are necrotic. B. Normal plastids treated with 
silver nitrate, x 630. C. Deficient plastids treated with silver nitrate, x 630. D. Plastids 
showing large vacuoles from near a necrotic region, x 604. E. Palisade cell showing 
vacuolization of plastids caused by manganese deficiency. 


plastids. Occasionally there was a cell with a few yellow green granular 
ones. Often the cells that were not necrotic showed only coagulated mate- 
rial staining red with acid fuchsin (fig. 3, A). 

A deficiency in manganese in addition to producing structural changes, 
brought about the formation of abnormal products of metabolism. Healthy 
tomato leaves showed various types of crystals. These frequently filled a 
cell, especially in the spongy parenchyma. Manganese-deficient leaves on 
the other hand often showed regions where every palisade cell was at least 
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half filled with small calcium oxalate crystals. When deficient leaf sections 
were placed in indol phenol blue, oil was found in all cells in badly affected 
areas, while in control leaves it was found only in the epidermis and hairs. 
Dilute soap solution applied to cross sections of fresh deficient leaves caused 
the granular yellow green plastids to dissolve leaving a clear yellow green 
solution within the cell. If the granular plastids had small starch grains 
within them, these could be seen moving about within the green solution. 
Sections of control and deficient tomato leaves were placed in a two per cent. 
solution of silver nitrate according to the method of Werrer (14). These 
sections were cut within two hours after bringing the plant into the labora- 
tory from the bright sunlight of the greenhouse. Plastids from healthy 
leaves showed wide bands of reduced silver nitrate partly or all the way 
around the edge of the plastid (fig. 3, B). Occasionally a plastid was en- 
tirely brown-black. Macroscopically, the entire section looked black. Plas- 
tids from the deficient leaves were indistinct in outline. Close observation 
showed very small dark brown granules within some of them. These gran- 
ules were irregular as to number and position (fig. 3, C). Macroscopieally, 
these sections looked slightly darker than untreated ones but distinetly 
not black. 

Tomato plants exhibiting advanced deficiency often showed some of the 
younger leaves and leaflets wilting. In section such a leaflet usually showed 
some dead cells and a few cells with some plastids, many of which were 
granular or vacuolated. Sections through small veins showed some of the 
cells partially filled with crystals and a few cells completely full of granular 
material staining pink with acid fuchsin. 

The stems of manganese-deficient plants showed, in general, the same 
differences as did the leaves. They were smaller in diameter and contained 
a much narrower band of xylem tissue. Fresh sections stained with methyl 
green indicated that the newest xylem was still alive. Much of the older 
xylem, however, was dead. The older xylem had many cells which were 
torn in outline. This was not true of similar control sections. In deficient 
stems, as well as leaves, more parenchyma cells were filled with crystals. 
Stems from plants showing leaflets wilting, often showed some of the xylem 
cells plugged with brown material. A few of the xylem cells were partially 
filled with crystals. Manganese-deficient stems had some starch stored 
within them but the grains were much smaller and usually simple in contrast 
to the large compound ones found in control stems. 


Discussion 


From the results of this work it is evident that a lack of the element 
manganese brings about some of the same changes histologically that does a 
toxic amount of the element. Keniry (7, 8) in his work with a toxie quan- 
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tity of the element reported a chlorosis in pineapples followed by first a 
decrease in number and size of plastids and finally by their dissolution. 
Along with this went a decrease in the amount of starch and sugar and the 
formation of excessive numbers of calcium oxalate crystals. 

In the present investigation the chloroplasts also appeared to be the first 
part of the plant injured. Something happened within the plastid to stop 
the manufacture of chlorophyll. This resulted almost at once in the de- 
crease in size and number of starch grains. The plant was not able to use 
this starch completely but changed part of it to fat which was present in 
all cells of the leaf. Along with the change from starch to fat went first 
the vacuolation and then dissolution of the plastids. With the disruption 
of the chlorophyll mechanism, the ascorbic acid content of the plants was 
reduced almost to zero. Here, as with the toxic amount of the element, 
calcium oxalate was found in large amounts; many cells were filled with 
erystals of all sizes. 


Summary 


1. Chloroplasts are the first part of the plant affected by a deficiency of 
manganese. They become yellow green in color, gradually lose their starch 
grains, become vacuolated, then granular, and finally distintegrate into an 
indistinct mass along with the cytoplasm. This eventually turns brown. 
Plastids deficient in manganese dissolve in dilute soap solution. They also 
produce very little, if any, ascorbic acid. 

2. Manganese-deficient leaves are thinner and have smaller palisade cells 
than do control ones. Many more cells in the former contain large masses 
of crystals than do those in the latter. This is also true of the parenchyma 
cells in deficient stems. 

3. Manganese-deficient stems are smaller in diameter, contain less xylem, 
and often show xylem cells plugged with coagulated material. Some of the 
conducting cells in the veins of deficient leaves are also plugged. Here 
the clogging is caused by both crystals and coagulated material. 

4. Some of the food stored in deficient leaves is in the form of fat. 
That in stems is in the form of starch but the grains are mostly simple and 
few in number compared to those in healthy stems which are compound 
and numerous. 


The writer wishes to express sincere appreciation to Proressor Howarp 
S. Reep for advice and help during the preparation of this paper, and also 
to Proressor DENNIs R. Hoacuanp, Division of Plant Nutrition of the 
University of California, under whose direction the plants were grown. 
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TOXICITY OF SELENIUM-CONTAINING PLANTS AS A 
MEANS OF CONTROL FOR RED SPIDERS! 
7a ms Mosats, CC. Bi RBEtAaWANDER, AND 


ea OB. BatTar 


Introduction 


One of the difficulties frequently encountered by investigators in growing 
plants in greenhouses is the control of the common red spider, Tetranychus 
telarius L. Corn plants are especially suspectible, and in a series of physi- 
ological studies at Wooster, Ohio, red spiders threatened to become a limiting 
factor. Insecticides suitable for use on corn plants were applied with knap- 
sack, wheelbarrow, and high-pressure orchard sprayers, but did not give 
satisfactory control. 

The observations by Hurp-Karrer and Poos (4) that red spiders were 
unable to persist on cereal plants growing in nutrient and soil cultures con- 
taining available selenium seemed to offer a new approach to the problem 
of red spider control. Although selenium is extremely toxic to both plants 
and animals in high concentrations, most plants are known to tolerate low 
concentrations. The problem then was to find concentrations of the selenium 
salt which would not be toxic to the plants and would allow the accumulation 
in plant tissues of levels of selenium sufficient to be toxic to red spiders.” 


Methods 


In the studies reported in this paper, corn plants were grown by ‘‘tank 
eulture’’ technique in cement tanks 10 feet long, 2} feet wide, and 8 inches 
deep with a capacity of 470 liters of nutrient solution. Twenty-four plants 
were grown in each tank, supported on hardware cloth trays filled with 
excelsior. Oxygen was supplied to the roots by frequent aeration of the 
nutrient solution, and the reaction was kept between pH 5.5 and 6 by 
occasional adjustment. 

The composition of the nutrient solutions used in the several experiments 
differed slightly, mainly in the relative proportions of Ca(NO;). and KNOs. 
Essentially, however, the composition, expressed as millimols per liter of 
nutrient solution, was as follows: KH.PO,, 0.53; Ca(NO,)., 10.86; KNOs, 
6.98; MgSO,, 2.74; and (NH,).SO,, 1.48. Frequent additions of small 

1 Based on investigation cooperative between the Division of Cereal Crops and Dis- 
eases, Bureau of Plant Industry, U. 8. Department of Agriculture, and the Departments 
of Agronomy and Entomology, Ohio Agricultural Experiment Station. 


2 Since this manuscript was prepared for publication, LEUKEL (5) reported the use 
of selenized soil in the control of aphids and red spiders on sorghum. 
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quantities of MnSO,, H,BO,, and FeSO, were made. The solutions were 
completely renewed at two- or three-week intervals. 

The form of selenium used in these studies was sodium selenate. In the 
preliminary experiments reagent quality Na.SeO,:10H,.O was employed; 
a much cheaper source was discovered in a technical grade of anyhdrous 
sodium selenate, however, and used in the subsequent experiments. 

At the completion of each experiment the plants were harvested, cut up 
in an electric food chopper, and aliquots dried for analysis. The procedures 
used for the determination of selenium were those devised and employed by 
the Food and Drug Administration, United States Department of Agriculture 
(1, 6). 

Results 
PRELIMINARY EXPERIMENTS 


In the first of two preliminary experiments red spider populations were 
reduced by two additions of sodium selenate. The first addition supplied 
2, and the second 3, p.p.m. of selenium to the nutrient solution. 

In the second preliminary experiment, 2 p.p.m. of selenium were added 
to the nutrient solution at 10-day intervals. When the mature plants were 
harvested, the plants in the control tank were practically dead as a result 
of spider injury, whereas the plants receiving selenium were nearly free of 
red spiders. 

There was no indication of toxicity to the plants in either test and the 
results were, therefore, encouraging. To test further the possibility of con- 
trolling red spiders by selenium-induced toxicity without disturbing normal 
plant development, a more elaborate series of experiments was undertaken 
and is reported in detail. 


EXPERIMENT [| 


On October 25, 1937, a series of four tanks was planted to a single-cross 
hybrid. One tank was used as a control and received no selenium. Selenium 
was added to the other three tanks at the rate of 0.5, 1.0, and 2.0 p.p.m.* 
Beginning two weeks after planting, five additions of selenium were made at 
approximately two-week intervals. In order to obtain a uniform distribu- 
tion of red spiders, the plants were artificially infested December 13 and were 
harvested January 28. Twelve plants were composited for each sample for 
analysis. Observations made on the red spider infestations and on the con- 
dition of plants at time of harvest, together with the selenium content of the 
samples, are given in table I. 

3 The sodium selenate used in these experiments was of technical grade, purchased 
from the Harshaw Chemical Co., Cleveland, Ohio. At the time of these first experiments 
we were not equipped to determine its purity, and it was accepted as 100 per cent. Later 
analysis showed only 85 per cent. selenate, so that these treatments were actually 15 per 
cent. less than the figures given. 
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TABLE I 
EFFECT OF DIFFERENT CONCENTRATIONS OF SELENIUM IN THE CULTURE SOLUTIONS UPON 
THE SELENIUM CONTENT OF WHOLE CORN PLANTS AND ON RED SPIDER 
INFESTATION. DATA CALCULATED ON A DRY MATTER BASIS 














, | 
TREATMENT SELENIUM | OBSERVATIONS ON RED SPIDER INFESTATION 
’ | CONTENT | AND CONDITION OF PLANTS 
p-p.m, 
Control ee 2 Thoroughly infested, practically dead from red 
spider injury. 

Selenium 0.5 p.p.m. ... 31 Well infested, severe injury on lower leaves, 
some injury to upper leaves. 

Selenium 1.0 p.p.m. 56 Numerous dead red spiders, no red spider 
injury. 


Selenium 2.0 p.p.m. 87 No red spiders, no red spider injury. 





EXPERIMENT II 


The tanks used in this experiment were planted to a single-cross hybrid 
February 12. 

The selenium additions, which were at the same rates as in the preceding 
experiment, were begun one week after planting and continued weekly 
throughout the growth period. To ensure uniform red spider infestation 
the plants were artificially infested May 9. The plants were harvested June 
30. Composite samples of the leaves from 12 plants from each tank were 
taken for analysis. Observations on the red spider infestation and on the 
condition of the plants at harvest, together with their selenium content, are 
presented in table IT. 

TABLE II 
EFFECT OF DIFFERENT CONCENTRATIONS OF SELENIUM IN THE CULTURE SOLUTIONS UPON 
THE SELENIUM CONTENT OF CORN LEAVES AND ON RED SPIDER INFESTATIONS. 
DATA CALCULATED ON A DRY MATTER BASIS 


SELENIUM OBSERVATIONS ON RED SPIDER INFESTATIONS 





TREATMENT aaa . ATS OF : 
CONTENT AND CONDITIONS OF PLANTS 
p.p.m. 
Control 5 Leaves thoroughly infested, plants dead. 
Selenium 0.5 p.p.m. 23 General infestation, red spider injury rather 
light. 
Selenium 1.0 p.p.m. 46 Few living red spiders, survivors abnormally 
sluggish in movement, no red spider injury. 
Selenium 2.0 p.p.m. 101 | No living red spiders, no red spider injury. 


EXPERIMENT III 
A third experiment was carried out during the summer of 1938. The 
previous experiments had indicated that the toxicity of corn leaves grown in 
a nutrient solution receiving 0.5 p.p.m. of selenium was inadequate for 
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protection from infestations of red spider. The selenium levels for this 
experiment were accordingly increased to 1.0, 2.0, and 3.0 p.p.m. 

The corn was planted July 6. Each tank contained a set of five com- 
mercial hybrids replicated four times. The selenium additions were begun 
immediately and continued weekly throughout the growth period. The 
plants were artificially infested September 3. When the plants were 
harvested October 5, the leaves and stems of five plants in each replication 
were composited separately for analysis. 

The selenium content of the samples and the observations made at 
harvest on the effect of treatments are presented in table ITI. 


TABLE Iit 
EFFECT OF DIFFERENT CONCENTRATIONS OF SELENIUM IN THE CULTURE SOLUTIONS UPON 
THE SELENIUM CONTENT OF CORN TISSUES AND ON RED SPIDER INFESTATION. 
DATA CALCULATED ON A DRY MATTER BASIS 

















SELENIUM CONTENT a ol i oa ash ae ae cota 
a OBSERVATIONS ON RED SPIDER INFESTA- 
Leaves | STeMs TIONS AND CONDITIONS OF PLANTS 
ppm | p.p.m. 
Control 2 1 Leaves thoroughly infested, red spider 
injury causing death. 
1 p.p.m. selenium 51 19 Few living red spiders, no red spider 
injury. 
2 p.p.m. selenium 133 49 No living red spiders, no red spider 
injury. 
3 p.p.m. selenium 196 56 No living red spiders, no red spider 
injury. 





The plants in the control tank were so thoroughly infested with red 
spiders that the lower surface of the leaves were completely covered with 
webs. The tank receiving the 1 p.p.m. treatment was separated from the 
control tank by a space of only 18 inches and the leaves of the plants from 
the two treatments intermingled. As a result there was considerable 
migration from the heavily infested and dying control plants to those 
receiving 1 p.p.m. of selenium. Although the presence of many red spiders, 
including young and eggs, could be observed on the leaves of the plants 
receiving 1 p.p.m. of selenium, close examination showed that except for an 
occasional sluggish individual, they were dead. 

During the summer a relatively heavy infestation of aphids, Aphis 
maidis Fitcu, developed in the tassels of the control plants; none was 
observed on plants receiving selenium. 


ADDITIONAL EXPERIMENTS 


The successful control of red spider in these experiments with corn led 


to the use of selenium in various other plant nutrition studies at the Ohio 
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Agricultural Experiment Station. These studies included many diversified 
investigations, such as mineral deficiency studies with young apple and elm 
trees, tests of commercial legume inoculation cultures, and the growing of 
wheat plants for hybridization purposes. Sand and soil cultures were 
employed in these studies and the rate of selenium addition varied from 1 to 
3 p.p.m. in sand culture to 10 p.p.m. in soil culture. Previously in these 
studies it had been necessary to combat red spider constantly, and control 
was at best uncertain. The use of selenium, however, eliminated the red 
spider problem in each of these investigations. 


Discussion 


A factor which must be considered in the use of selenium is the selenium- 
sulphur antagonism reported by Hurp-Karrer (2,3). She found that the 
toxicity of selenium to plants and the quantities of selenium absorbed varied 
with the proportionate concentrations of available sulphur and selenium. 
According to Hurp-Karrer, toxicity to plants is not likely to occur when the 
quantity of selenium is less than the ratio 1 of selenium to 12 of sulphur. 
The nutrient solutions used in these studies with corn varied in sulphur 
content between 130 and 190 p.p.m, depending upon whether tap water or 
rain water was used in making up the solutions. Thus the selenium-sulphur 
ratios in the nutrient solution varied from approximately 1: 200 to 1:40. 
In no case was there observed the slightest evidence of toxicity to the corn 
plants. 

Under the conditions of these experiments with additions of 0.5, 1.0, 2.0, 
and 3.0 p.p.m. of selenium to the nutrient solution in which corn was grown, 
leaf tissues contained approximately 25, 50, 100, and 150 p.p.m. of selenium, 
respectively. The leaf tissues containing approximately 25 p.p.m. of 
selenium were sublethal to red spiders although the infestations did not cause 
much injury; at 50 p.p.m. red spider infestations were inhibited although 
oceasional sluggish individuals were found. At concentrations approxi- 
mately 100 p.p.m. or above, red spiders were unable either to multiply or 
persist. The experiment in which a natural infestation of aphids occurred 
on plants which did not receive selenium but did not occur on plants receiv- 
ing selenium indicates that aphids are unable to persist on plants which have 
an available supply of selenium. 

It should be emphasized that selenium is recognized as one of the very 
toxic poisons to man and animals and the use of selenized tissue as a means 
of insect control should be confined to plants intended for experimental 
or non-food purposes. 


On10 AGRICULTURAL EXPERIMENT STATION 
Wooster, OHIO 
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LACK OF INHIBITION OF LATERAL BUDS BY THE GROWTH- 
PROMOTING SUBSTANCE PHENYLACETIC ACID 


FELIX G. GUSTAFSON 


(WITH TWO FIGURES ) 


It is now a well-known fact that indole acetic and indole butyric acids, 
when applied in lanolin to cut apices of stems suppress the formation of 
lateral buds, as do the terminal buds themselves. THrMANN and SxKooe (9) 
were the first to demonstrate this when they applied an extract from Rhizo- 
pus suinus to decapitated Vicia faba seedlings and found that the lateral 
buds were inhibited. It was later found that the active substance was indole 
acetic acid. Since that time other investigators have demonstrated the same 
thing for other plants (2, 3, 6, 7, 8, 9, 10). 

In some laboratory experiments with Helianthus annuus the writer 
applied indole acetic acid and phenylacetie acids in lanolin to the cut sur- 
faces of stems. After some time it was noticed that some of the treated 
plants had produced lateral buds while others had not and when a check 
was made it was found that the treated plants that produced shoots were 
the ones that had been treated with phenylacetie acid. 

This interesting observation led to a more detailed and carefully con- 
trolled experiment. Helianthus annuus was used again because under nor- 
mal treatment it never produces any lateral buds or branches. Four lots 
of 16 plants each were carefully selected, besides some control plants not 
decapitated. These plants were between 60 and 70 centimeters tall; no 
flower buds had as yet been formed. Ten to 15 em. of the top were cut off 
from each one of these 64 plants. The cut was always about one centimeter 
above anode. One per cent. indole acetic, indole butyric, and phenylacetic 
acids mixed separately in lanolin, as well as lanolin alone, were used. Six- 
teen plants were treated with each chemical on March 20, 1939. A consider- 
able amount of material was smeared on the freshly cut surface, but it was 
not repeated during the time of the experiment. 

On April 10 representative plants from each group were photographed 
(fig. 1). At that time the plants treated with the auxin showed the typical 
gall formation, but no buds or lateral shoots had been formed on any of the 
plants treated with indole acetic and butyric acids. The plants treated with 
phenylacetic acid had on the other hand formed as many and nearly as 
large buds as the plants treated with plain lanolin. A month later (May 
13) representative plants from each lot were again photographed (fig. 2). 
As the photograph shows, all of the plants except those not decapitated had 
by now produced some buds or branches. It is to be remembered that 
during a period of 54 days no new auxin application had been made. By 
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now the lateral branches of the lanolin and phenylacetic acid treated plants 
had produced flower buds. Most of the plants to which indole acetic acid 
had been applied had several branches, that were much larger and more 
numerous than those on the plants treated with indole butyric acid. It thus 
appears that phenylacetic acid does not suppress lateral bud growth at all, 
while indole acetic and indole butyric acids do, and the latter seems to be 
more effective than the former. 

Not until a thorough search was made of the literature was it realized 
that phenylacetic acid had been used in a similar experiment before. In a 
paper published in 1935 Hirrcucock makes the statement: ‘‘If the eut sur- 
face of decapitated stems (tobacco) was treated with a lanolin preparation 





Fie. 1. Helianthus plants 21 days after the commencement of the experiment. Read- 
ing from left to right, the plants were treated with pure lanolin, indole butyric, phenyl- 
acetic, and indole acetic acids. Only plants treated with lanolin and phenylacetie acid 
have buds. 


containing a high concentration of any one of the seven growth substances 
(indoleacetic, indolebutyric, indolepropionic, phenylacetic, phenylpropionie, 
phenylacrylic, and naphthalene acetic acids) used in the bending tests, 
marked inhibition of the growth of the upper two or three buds oceurred. .. . 
No attempt was made to compare the effectiveness of the different substances 
in these tests.”” Thus, according to Hrrcucock, phenylacetice acid inhibits 
the bud development in the tobacco plant. The writer has not repeated this 
experiment with tobacco. Recently, one of the writer’s students has re- 
peated the above experiment on Helianthus annuus with several hundred 
plants for each chemical and in every instance has he found that phenylacetic 
acid does not inhibit bud formation. It produces a gall like the other sub- 
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stances, but no bud inhibition. Thus there is no question about its lack of 
inhibition of lateral buds in Helianthus. 

If we compare other growth-promoting activities of phenylacetic acid 
with other growth substances we find the following. According to WENT 
and THIMANN (11), phenylacetic acid is about ten per cent. as active in the 
pea test as is indole acetic acid, and only 0.02 per cent. as active in the Avena 
test as indole acetic acid, which means that for practical purposes it does not 
cause Avena curvatures. ZIMMERMAN and Wiicoxon (12) found that 
phenylacetic acid, though less effective than indole acetic and indole butyric 


e 





Fig. 2. Plants 54 days after the beginning of the experiment. Reading from left to 
right, the plants were treated with lanolin, indole butyric, phenylacetic, indole acetic 
acids, and no treatment. Now all of the treated plants have buds, but the ones treated 
with indole butyric acid have much smaller buds. 


acids, does cause root production, negative bending of stems, epinasty of 
leaves, and suppresses stem elongation. Avery and Sargent (10) found 
that phenylacetie acid does not increase the straight growth of Avena coleop- 
tiles, but actually inhibits it. Gusrarson (4, 5) has shown that phenylacetic 
acid is about as effective as indole acetic and indole butyric acids in inducing 
parthenocarpy and more effective than indole acetic acid in causing size 
growth of tomato fruits. 
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We thus see that in most of its effects on plant growth phenylacetie acid 
is less effective than indole acetic or indole butyric acids. This is, however, 
not true as far as parthenocarpy is concerned. 

This note has been written because it seems to the writer that the inter- 
esting behavior of phenylacetic acid with respect to gall formation but lack 
of lateral bud inhibition might be of considerable value in the experimental 
study of bud inhibition. 
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AUTOMATIC WATERING OF EXPERIMENTAL PLOTS 


KENNETH Post 


(WITH TWO FIGUREs ) 


Various methods of maintaining uniform moisture in the soil for young 
plants are used by experimentalists. Probably weighing the container in 
which the plant is growing, from time to time, and adding sufficient water 
to bring it to a definite weight meets with favor in the majority of cases. 

JOHNSTON and ATKins (3) developed a system for automatic control of 
adding water periodically to plants in pots. CaLreg and McHareve (2) 
developed a flower pot which utilized the principle of capillarity in supply- 
ing water. 

Greenhouse experiments conducted in large beds or benches with vol- 
umes of soil of sufficient size to make watering by these methods impractical 
are more difficult to keep at constant or equal moisture. Soil tensiometers 
described by Ricnarps, RussELL, and Ngan (6) or conductivity methods 
suggested by Bouyovucos and Mick (1) and Wuire-Stevens and Jacos (7) 
serve to determine the soil moisture content. The water is then added 
when a given moisture content is reached. Great fluctuations in water 
content of the soil thus occur and it is difficult to uniformly apply the water 
over the area in question. 

Some of this difficulty is overcome in the automatic control here de- 
scribed. A water-tight, level bench (fig. 1) is provided with two rows of 
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Fig. 1. Cross-section diagram of bench construction for sub-irrigation of bench 
plants. 


tile running lengthwise. The tile slope one inch in 100 ft. and are connected 
by T’s in the middle of the bench. This construction has previously been 
described by the writer (4). 
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A soil tensiometer is connnected to a Bourdon vacuum gauge (fig. 2). 
A piece of copper wire is bent and fastened to the inside of the celluloid 
face of the gauge. It is placed so that the hand will touch it on its upward 
movement as the soil tension increases. The ground wire is fastened to the 
base of the gauge. 


TIME CLOCK 





o-—— 

















RELAY / 
SOLENOID VAC UUM 
VALVE To GAUGE 
WATER 
MAIN 
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sees TENSIOMETER 
CuP 
Fig. 2. Wiring diagram for automatic watering of experimental plots. 


The tensiometer operates a relay which in turn operates a solenoid valve 
and injects water into the tile in the bench. The electrical current flows 
through a time clock which permits it to flow to the vacuum gauge at two 
hour intervals. The period of flow of the current is determined by the time 
required to inject the desired amount of water in the bench. 

The two-hour time interval was calculated after several trials to deter- 
mine the time required for the absorption of the water, and its movement 
to affect the tensiometer. 

The distribution of water in the soil has been found to be uniform 
through the bench when a low tension (5 to 15 em. of mereury) is main- 
tained. Capillarity is not as uniform at high tensions and the soil moisture 
is not as uniform. The lower layers are moister than the surface. 

The automatic watering method is satisfactory when one it attempting 
to grow benches of plants for fertilizer, light, temperature, and other studies 
necessitating equal moisture in the plots. 


DEPARTMENT OF FLORICULTURE AND 
ORNAMENTAL HORTICULTURE 
CORNELL UNIVERSITY 
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COMPARATIVE TRANSMISSION SPECTROGRAMS OF AN 
IRRADIATED LEAF EXTRACT 


FREDERICK F. FERGUSON AND LEWIS W. WEBB, JR. 


(WITH ONE FIGURE) 


This paper is a preliminary effort to show something of the spectro- 
graphic changes which occur upon radiation of an alcoholic solution of leaf 
green. Wess and Frerauson have previously indicated the nature of the 
changes caused by dilution, in the spectrograms of an alcoholic leaf extract. 

The material used in this study was prepared in the following manner: 
3 grams of damp grass (Poa pratensis) were refluxed with 100 ml. of methyl 
alcohol for 20 minutes. Ten ml. of the resulting dark green mixture were 
then diluted with 90 ml. of methy!] alcohol. 

The transmission spectrogram of a sample of this solution was then ob- 
tained. This solution was next removed from the spectrophotometer and 
subjected to the radiation from a 200-watt unfrosted bulb. The center of 
the specimen tube was ca. 15 em. from the outside of the lamp. The radia- 
tion was continued for two hours and the solution was again tested. About 
one hour was required for each set of observations obtained by using the 
spectrophotometer, during which time some radiation was naturally fur- 
nished by the instrument. The other graphs were taken by continuing 
this procedure. It will be noted here that curve no. 1 is that of a dilute 
solution of leaf green possessing the characteristic spectrogram as shown by 
Frreuson, DeELoAcH and Wess (1) for an ethy! alcohol solution. 

As the radiation was continued upon the sample many pronounced 
changes occurred. One noticeable feature was the gradual visual transfor- 
mation from a green to a brownish floceulent fluid. This color change can 
be easily seen by the proper interpretation of the graphs in figure 1. 

An examination of these graphs also shows an increase in the ability to 
transmit light in all of the wave bands except from ca. 500 my to ca. 580 
my and in the infra red. Transmission is gradually increased at ca. 360 
my. There is a marked tendency for all five curves to meet at ca. 480 mu, 
580 mu, and 690 my. The extremely high transmission in the infra red is 
a factor common to all of the curves. The decrease of absorption for wave- 
bands in the region of ca. 660 my is comparable to that caused by increased 
dilution of an alcoholic leaf extract as shown by Wess and FEereuson (2). 
The relative high loss of transmission from ca. 500 my to ca. 580 my and 
from ca. 700 my to ca. 900 my is of interest. Curves nos. 3 and 4 coincide in 
the region of ca. 530 my to 580 my and 740 my to 900 my. With the exception 

1 The instrument used in this study was the Coleman Regional Spectrophotometer. 
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of the region of ca. 360 my to 480 my curves nos. 4 and 5 are in entire agree- 
ment. 


The spectral range for the curves extends from 360 my to 900 mp. Each 
point represents the average transmission of a band 30 my wide. 
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Fie. 1. Comparative curves showing effects of irradiation upon an alcoholic leaf extract. 


That light is the factor causing the disintegration of the solution of leaf 
green was indicated by tests made on an ethyl] alcohol solution of leaf extract 
maintained in the dark for a two day period. The results obtained from this 
test showed such slight changes that they could not be noticed in a curve 
having the same scale as figure 1. 

COLLEGE OF WILLIAM AND MARY 

VIRGINIA POLYTECHNIC INSTITUTE, NORFOLK DIVISION 
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U. 8S. PuBiic HEALTH SERVICE 
CRANEY ISLAND LABORATORY 
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HEXOSE-PHOSPHATE IN ALFALFA HAY 


8S. H. THOMPSON, JR., AND W. E. TOTTINGHAM 


In a search for inosite hexa-phosphate in alfalfa hay one of us (2) recov- 
ered a preparation which appeared to be a sugar phosphate. The recent 
identification of hexose-phosphates in the sugar beet and pea plants by 
BuRKHARD and NeEuspere (1) and Hassimp (3) respectively, has renewed 
interest in the early result. 

Samples of field-cured alfalfa hay were examined from the first cutting 
in the third season. These were produced on a well limed clay loam deficient 
in potassium, with application of potassium chloride, either alone or in addi- 
tion to superphosphate.! Each sample was separated essentially into leaf 
blades and stems, the latter fraction carrying most of the petiole tissue. 
Lipides were extracted from the ground tissue with boiling 85 per cent. 
ethanol, which should have inactivated phosphatase (1). Subsequent pro- 
cedures were based on experience of a former associate* with yields and 
stabilities of phosphorus fractions from soybean leaves. 

The tissue was subsequently extracted with 2.0 per cent. acetic acid for 
two hours at about 12° C. Filtration, washing, neutralization, and frac- 
tionation of the extract by means of lead were also conducted at the lowered 
temperature. Large proportions of both inorganic and organie phos- 
phorus were precipitated by neutral lead acetate. The latter fraction was 
neglected, however, owing to limitations of time and anticipation of more 
certain results from the basic lead precipitate. Only traces of the total 
phosphorus of the stem occurred in this basic fraction in any sample and 
also in the leaf of the unfertilized crop. Leaves from the K-fertilized and 
K,P-fertilized crops contained 1.6 and 2.6 per cent., respectively, of the total 
phosphorus in the basic lead precipitate. 

The lead salts were decomposed by H.S and the hexose-phosphate was 
converted to calcium salt and monophosphate osazone by the procedures of 
NEvuBErG (4) and Ropison (5). It was infeasible to obtain the melting 
point of the low yield of osazone from the unfertilized hay but this function 
gave values of 140.3° and 140.0° for the other samples. The results agree 
closely with Rosison’s value of 139°. Our results appear to substantiate 
the occurrence of hexose-monophosphate in alfalfa hay, which thus survives 
the action of phosphatase in the curing process. 

DEPARTMENT OF BIOCHEMISTRY 

UNIVERSITY OF WISCONSIN 


1 We are indebted to Professor C. J. CHAPMAN of this institution for providing these 
samples. d : 
2 Dr. H. W. E. Larson, the University of Idaho. 
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NOTES 


Seventeenth Annual Meeting.—The seventeenth annual meeting of the 
American Society of Plant Physiologists was held at Philadelphia from 
December 30, 1940, to January 1, 1941. The programs were unusually 
valuable, and the attendance at some of the joint sessions broke all records. 
The symposium of Monday, December 30, on The Structure of Protoplasm 
was without question the best symposium we have had in years. Nine 
papers were presented, covering many of the most difficult phases of proto- 
plasmic structure. The papers were masterful throughout, and worthy of 
a permanent place in the literature of plant physiology. The success of 
this symposium illustrates what can be accomplished by careful planning 
and integration of the discussions. Including the joint sessions, the pro- 
gram carried 82 titles, and all sessions drew attentive audiences. 

The annual dinner was held in the Betsy Ross room of the Benjamin 
Franklin Hotel on Monday evening, December 30, with more than 180 
present. The features were the CHarLEsS Remp Barnes life membership 
award, the STepHeN Hawes award, and the sixth StepHeN HALgs address 
by Dr. JoHn W. SuHive. His subject was Significant Réles of Trace Ele- 
ments in the Nutrition of Plants. This paper also served as his retiring 
president’s address. It was an exceptionally clear presentation of some of 
the interrelationships of such elements as boron and calcium, manganese 
and iron, ete., in the metabolism of plants. We hope to present this paper 
later to all members in the pages of PLANnt PHYSIOLOGY. 

To the officers of the Society, and especially to the program committee, 
composed of Dr. WILLIAM Setrriz, of the University of Pennsylvania, chair- 
man; Dr. J. T. Curtis, University of Wisconsin ; Dr. W. R. Rosprns, the New 
Jersey Agricultural Experiment Station; and the secretary-treasurer, Dr. 
W. E. Loomis, Iowa State College, are extended sincere congratulations and 
thanks for the unusual excellence of every phase of the program and meet- 
ing. It is not an accident when meetings are of unusual value and signifi- 
eance, but a reflection of the energy, skill, and judgment which are brought 
to the program tasks. Reports of special phases of the dinner program 
are contained in subsequent notes. 


Life Membership Award.—The seventeenth CHArLes Rem Barngs life 
membership award was made to Dr. WiuuiAmM FRANcIs GANONG, who has 
been Emeritus Professor of Botariy at Smith College, Northampton, Mass., 
since 1932. The choice made by the committee, headed by Dr. H. R. Kray- 
BILL, Purdue University, is a very happy one, and reflects great honor upon 
the society. Dr. GANoNG was born at St. John, New Brunswick, February 
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19, 1864; he received his B.A. at New Brunswick in 1884, M.A. in 1886, 
A.B. at Harvard in 1887, and Ph.D. at Munich in 1894. He also received 
a Ph.D. at New Brunswick in 1898, and LL.D. in 1920. He became assistant 
in botany, 1887-1889, and instructor, 1889-1893, at Harvard University. 
In 1894 he became Professor of Botany and Director of the Botanic Garden 
of Smith College, a position which he held for 38 years, until his retirement 
in 1932. He was elected second president of the Botanical Society of 
America in 1908, and is a corresponding member of the Royal Society of 
Canada. Dr. GaNone was an excellent teacher, a very exacting and care- 
ful laboratory technician, inventor of many devices for physiological ex- 
periments, and a writer of textbooks and manuals which exerted a profound 
influence upon the teaching of plant physiology. 

He and Dr. Barnes were contemporaries, BARNEs about 5 years older, 
and they were good friends. It is very gratifying to have Dr. GANone 
added to the list of CHarRLEs Rem Barnes life members. 

It was at Philadelphia in 1926 that the first award was made, to Dr. 
Burton E. Livineston, of Johns Hopkins University. Since that time one 
or more awards have been made each year. Of the 17 recipients, 14 are 
living at the present time. 


Stephen Hales Award.—The seventh recipient of the SrepHEN HALEs 
award is Dr. PHitip Ropney Wuire, of the Rockefeller Institute for Medical 
Research, Princeton, New Jersey, for his work on the tissue culture of ex- 
cised roots. Dr. Wuire was born in Chicago in 1901, and received his 
higher education at Montana (A.B. 1922); the University of Washington 
(1922-1923) ; Ecole nor. d’Inst. Valence, France, certificat, 1924; and Johns 
Hopkins University (Ph.D. 1928). 

After short service as micro-technician in the Bureau of Plant Industry, 
1925-1926, and as special investigator for the United Fruit Co., 1926-1928, 
he became assistant professor of botany at the University of Missouri in 
1928. He was a National Research Council fellow at the Boyce Thompson 
Institute in 1929-1930, and Rockefeller Foundation fellow at the Pflanzen- 
physiologische Institut at Berlin, 1930-1931. Since 1932 he has been con- 
nected with the Rockefeller Institute for Medical Research, where his work 
has attracted wide and favorable attention. Many of his important papers 
have been published in PLant Puystotogy. In 1938 he received the annual 
prize of the American Association for the Advancement of Science for work 
in a collateral field. 


It is a pleasure to extend to Dr. Wurre the congratulations and felicita- 
tions of his colleagues and friends who are happy to see him receive this 
well deserved honor. 
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Corresponding Member.—The American Society of Plant Physiologists 
has elected to corresponding membership, Dr. P. Boysen JENSEN, Professor 
of Plant Physiology at the University of Kopenhagen. He is probably best 
known to American plant physiologists for his Wuchsstofftheorie und thre 
Bedeutung fiir die Analyse des Wachstums und der Wachstumsbewegungen 
der Pflanzen, which was published in 1935, and made available in English 
by Avery and BurKHOLDER in 1936. In 1938 he also published a textbook 
of plant physiology in Danish. This work, translated into German by 
Mattick, was republished in 1939, and is a very fine statement of the fun- 
damental principles of plant physiology. He has contributed to the litera- 
ture of the subject for more than thirty years, and first proved the exist- 
ence of growth hormones in plants. His American friends and admirers 
extend most cordial greetings and good wishes to him and his institution, 
and welcome him as a corresponding member. 


Amendments.—A few small changes in the constitution of the American 
Society of Plant Physiologists have become desirable. These were con- 
sidered and approved by the executive committee at Philadelphia; the pro- 
posals will be submitted by ballot from the secretary-treasurer’s office for a 
vote on adoption, sometime during 1941. It is hoped that all members will 
be sufficiently interested to cast a ballot for or against the changes when they 
are submitted. 

Monographs.—F or many years the American Society of Plant Physi- 
ologists has desired to launch the publication of a series of monographs. 
The major problem has always been financial; but it now seems possible 
that a start may be made with relatively small risks, if members will ¢o- 
operate in the plan. The secretary-treasurer expects to be able to lay a 
proposition before us that will involve mainly pre-publication subscriptions 
at reduced prices. If the protoplasm symposium could be published at a 
cost of $2.00, for instance, and pre-publication subscriptions for 200 copies 
could be obtained, the remainder of the risk might be floated in some other 
manner not involving the society’s finances. In case such proposals should 
come in concrete form, it is urged that a generous response be manifested. 
There is nothing we cannot do, if we desire it with our purse strings open. 
Success with the first venture would make succeeding ones easier to finance. 


Galleys.—A warning to all contributors to PLANT PHysIOLOey is in order, 
that when galleys are unduly delayed, they will be set aside for the succeed- 
ing number. We now have reached the condition in which the journal can 
appear on time if the delay of slow proof reading can be eliminated. Receipt 
of a set of galleys is a demand that other affairs be laid aside until they are 
again in the mails. Those who respond most promptly will be the ones who 
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appear in the next number, and the slow ones will be left for three months 
later. This is to avoid the nullification of the editorial speed by those who 
hoid up paging by long delays in forwarding corrected galleys. 


Southern Section.—The Southeastern Section of the American Society 
of Plant Physiologists petitioned for a change in territory to coincide with 
that of the Association of Agricultural Workers, with which it meets, and 
for a change in name to Southern Section. These changes were granted at 
the Philadelphia meeting. The Southern Section will meet at Atlanta, 
Georgia, February 5 to 7, 1941. On February 6, a breakfast for the group 
will be followed by an organized round table discussion led by Dr. I. E. 
Mies, of Raleigh, North Carolina, on the general aspects of plant nutrition. 
All meetings will be held at the Piedmont Hotel. Any other information 
about the meetings may be obtained from the secretary of the section, Dr. 
T. J. Harroup, University of Georgia, Athens, Georgia. 





Necrology.—Several deaths have occurred among the members of the 
American Society of Plant Physiologists, which represent distinct losses to 
American science. The following brief biographies are memorials to those 
who have gone. 


Car. Lucas ALSBERG 


Born in New York April 2, 1877, died in Berkeley, California, October 
31, 1940. Dr. AuLsBerG was the son of MermnHarp ALsBeRG and BEerTHa 
Barucn ALsBerRG. He was one of the early leaders in biochemistry, par- 
ticularly as related to agricultural products. His early education was ob- 
tained at Columbia University, and the College of Physicians and Surgeons 
of that institution. He received the A.B. in 1896, A.M. and M.D. in 1900. 
Between 1900 and 1903 he spent time abroad at the universities of Strass- 
burg and Berlin. In 1902 to 1905 he was assistant in physiologica: ehem- 
istry at Harvard, and from 1905 to 1908, instructor in biological chemistry 
at Harvard University. In 1908 he was selected to become chemical biolo- 
gist with the bureau of plant industry in the U. S. Department of Agricul- 
ture, but in 1912 was transferred to the bureau of chemistry as chief of the 
bureau, a position he filled for nine years. 

In 1921 he went to Stanford University as director of the Food Research 
Institute, and finally in 1937 he was invited to become director of the Gian- 
nini Foundation of Agricultural Economics at the University of California. 
This position he filled at the time of his death. 

He was a member of many scientific organizations, and had served as 
officer and editor for several of them. Asa result of his contacts and study, 
he had broad general grasp of agricultural social and economic problems. 
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His earlier scientific interests had included the nucleic acids, proteins, 
enzymes, toxicology, and cyanogenesis. One of his later contributions, 
which will be remembered by all of us, was his interesting discussion of the 
intimate structure of the starch granule, published in PLant PHysioLogy 
13 : 295-330. 1938. 


FRANK MARION ANDREWS 


Last spring the April number of PLant PHysioLocy was dedicated to 
FraANK Marion ANpREws in honor of his approaching 70th birthday anni- 
versary. He was ill at the time, but it was hoped that he might regain 
strength enough to enjoy his retirement as emeritus professor at Indiana, 
which occurred in May. He had made considerable progress, but shortly 
after the Thanksgiving season, he took cold, which developed quickly into 
pneumonia. In his weakened condition, he was not able to overcome it, 
and died on November 26, 1940. 

The biographical sketch published in the April number gives sufficient 
details of his work and life, so that nothing more needs to be added now. 
He is survived by his widow, MArte O. ANDREWS, and to her we extend the 
sympathy of all members of the American Society of Plant Physiologists. 


CAROLINE SHELDON Moore 


Miss Moore was born at Kewanee, Illinois, February 17, 1871, died at 
Redlands, California, May 21, 1940. She was educated at Chicago (A.B. 
1897), and spent short periods at Washington, and Oxford. Her early 
experience in teaching was in academies in Wisconsin (1896-1899), and 
Illinois (1899-1901). She was connected with Mt. Holyoke College in 1901, 
and remained there until 1905. From 1906 to 1915 she was engaged in 
private teaching and social service work. She then went to Linfield College, 
MeMinnville, Oregon, where she spent six years. She had been associate 
professor of biology at the University of Redlands since 1921. Her main 
interest, as stated by herself, was the desmids of San Juan Islands. 





Symbiotic Nitrogen Fixation—A monograph entitled The Biochemistry 
of Symbiotic Nitrogen Fixation has been published by The University of 
Wisconsin Press. The author is Dr. Perry W. WILson, associate professor 
of agricultural bacteriology at the University of Wisconsin. It is a work 
of 302 pages, contains 34 plates, many additional text figures, and the 
discussions are presented in eleven chapters, which cover the subject in 
admirable fashion. The first chapters are general, and deal with the 
nitrogen economy of man and nature; and leguminous plants in agricultural 
history. Other chapters concern the biochemistry of bacteria; interaction 
of host and bacteria; fixation of nitrogen by bacteria and plant; the carbo- 
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hydrate-nitrogen relationship in nitrogen fixation; excretion of nitrogenous 
compounds by legumes; the chemical mechanism of the fixation process; 
physical-chemical characteristics of the enzyme system; practical applica- 
tions; and concluding observations. It summarizes the literature of nitro- 
gen fixation, which occupies 32 pages of citations. This monograph is 
highly recommended to anyone interested in the permanence of agriculture 
and nitrogen fixation research. It is well written, and may be obtained 
from the University of Wisconsin Press, 811 State St., Madison, Wisconsin, 
at $3.50 per copy. Libraries also must have it as a summary of the far- 
flung literature. 


Methods of Enzyme Research.—The BAMANN-MyrpBAck monograph on 
Die Methoden der Fermentforschung, notice of which was given in the Octo- 
ber, 1940, number of PLANT PuystoLoey, is coming from the press of George 
Thieme, Leipzig, very rapidly. Lieferungen 2, 3, and 4 have already come 
from the press. No. 2 contains 204 pages; no. 3, 392 pages; and no. 4, 408 
pages, bringing the total issued to date to 1276 pages, or about a third of 
the entire work. The prices quoted for these three large sections are 
RM 22.80, 29.40, and 30.60 respectively, or RM 82.80 for all three. These 
are the foreign prices, and are not subject to discounts. It is not possible 
in a work of this kind to go into detail as to the contents. They must prove 
enormously valuable to all who wish to work in any field of enzyme research. 
Lieferung 2 continues the section on carbohydrates and their derivatives, 
and takes up nucleic acids and their derivatives; proteins and their deriva- 
tives; the amides; acceptor chromogens; thiols and disulphides; conjugated 
materials; and begins consideration of substrates. Lieferung 3 takes up 
such techniques as the determination of the constitution of high molecular 
weight compounds by use of enzymes, roentgenology, absorption spectra, 
Raman spectra, fluorescence, polarography, magnetics, viscosity measure- 
ments, ultracentrifuge, dielectrics, cryoscopy, osmotic methods, melting 
points, and sublimation. The last part of Lieferung 3 begins the considera- 
tion of enzymes, nomography, control of conditions, redox potentials, and 
the calculation of the free energy of biochemically important reactions. The 
fourth Lieferung continues with the methods of following enzyme effects, 
first the physical and physico-chemical methods, then the chemical methods, 
and biological methods. There is also a section on enzymic histochemistry. 

It then takes up the preparation and testing of enzyme preparations: 
dissolved enzymes, active cell preparations, especially from bacteria. This 
subject continues in the following Lieferung 5, which has not been seen. 

The work is most highly commended to all workers in these fields, and 
research libraries should consider it a ‘‘must’’ item. It is hoped that the 
remainder of the work can be issued expeditiously, so as to be available to 
all investigators engaged in enzyme research. 
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Temperature.—An interesting monograph, Life and Death at Low Tem- 
peratures, by Dr. Bastte J. Luyer and P. M. Grenento of Saint Louis Uni- 
versity, comes as the first of a series of monographs in the field of general 
physiology, edited by Dr. Luyert, and published by Biodynamica, at Nor- 
mandy, Missouri. This work does not attempt to cover the field of cold- 
hardiness in plants, nor the refrigeration of biological materials. 

It is divided into three sections: (1) The lower limit of vital tempera- 
tures; (II) the physical states of protoplasm at low temperatures; (IIT) 
the mechanism of injury and death by low temperature. 

Part I covers the field of lower limits for infracellulars, such as vitamins 
and hormones, enzymes, enzymoids and viruses; unicellular plants and ani- 
mals; germ cells, spores and seeds; isolated cells and tissues of both plant 
and animal origin; and the higher metaphyta and metazoa. 

The second section has a preliminary chapter on the fundamentals of 
heat conduction, and three chapters: on freezing, the frozen state and melt- 
ing; supercooling and the supercooled state; and the vitreous state, vitri- 
fication, devitrification and vitromelting. This section will remind Dr. 
Luyet’s many friends of the fascinating demonstrations that he has pre- 
sented before his colleagues at scientific meetings. 

The last part presents chapters on the action of cold without ice forma- 
tion ; and action of cold accompanied by ice formation. 

The general bibliography, chronologically arranged and beginning in 
1736, occupies 33 pages. A subject index and author index add to the 
facility of use. 

It is a stimulating work, worthy of attention by plant and animal physi- 
ologists, whether or not one always agrees with the interpretations. Cer- 
tainly the results recorded in the sections on vitrification are a distinct and 
valuable contribution to our knowledge of low temperature behavior of 
living matter. The fact that considerable proportions of it are reprinted 
from Biodynamica does not detract from its value. 

It contains 341 pages, 33 illustrations, and can be purchased from 
Biodynamica at $4.50 per copy. 





